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INTRODUCTION 
The measurement of insect flight behavior has generated 
considerable information involving migration, mating» 
feeding, disease transmission, and insect control. No single 
approach to the study of insect flight provides answers to 
all the questions that exist. As a result, various devices 
and techniques have been developed in attempts to study 
specific aspects of insect flight. Insect flight studies 
involve the recording of insect activity phases over long 
periods of time with as little disturbance to the insects as 
possible (Brown, 1959) and the processing of large numbers of 
individuals to establish statistically valid trends (Clark et 
al., 1984). In instances such as night collecting, 
continued, regular attention of an operator is often out of 
the question, and a dependable, automatic device is a 
desirable substitute (Horsefal1 and Tul1er, 1942). 
Electronic devices, therefore, have been proven useful for 
several reasons (Kerfoot, 1966): 
1. reduce observer interference with the behavior being 
stud ied, 
2. permit longer continuous recordings of activity than 
are practical for a human observer, and 
3. provide more accurate counting when activity of 
large numbers of individuals must be recorded. 
With appropriate sensors and interface components, data 
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acquisition systems using microcomputers have successfully 
reduced the human-hours needed to process the data generated 
(Choi and Erbach, 1983 and Clark et al., 1984). For accurate 
and reliable data, it is important to use well designed 
sensors (Wendte and Rozeboom, 1981). 
The following studies describe the selection, design, 
testing, and modification of sensors and interface components 
for computerized monitoring of insect flight behavior. The 
computer-interfaced insect traps are designed to determine 
flight activity or abundance of insects at various periods 
during the night and the computer-interfaced flight mill is 
to study comparative flight performance of large insects. 
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REVIEW OF LITERATURE 
Electric Grid Traps 
During the 1930s, the use of electrocuting devices to 
kill insect pests had become a common practice. These 
devices consisted of electrocuting grid of parallel wires or 
bars connected to a high-voltage, low-current transformer. 
The insect in passing between or lighting on the bars caused 
an arc with a resultant passage of current through its body. 
Since these devices employed high voltage and exposed 
conductors, they were hazardous unless protected by a guard 
or unless the current was low enough to be harmless. To 
protect them by a guard was difficult» as it not only added 
to the cost and bulkiness of the trap, but inhibited the 
insects from reaching the electrocuting grid. Limiting the 
current to a value that was harmless to humans was the 
simplest means of eliminating the hazard. To accomplish it 
by this means, two problems were recognized. One was the 
determination of the limit of current safe for humans, and 
the other was the determination of the current and voltage 
necessary for the efficient operation of the device. 
Experiments to study the first problem were conducted by 
Dalziel (1938). He reported that on tests with 56 men 
between SO and 40 years of age, and using 60-Hz current, 13.9 
mA was the average and 22 mA the maximum tolerable current 
from hand to hand, and that 12.6 mA was the average and 18 mA 
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the maximum current which could be tolerated and still permit 
release of a conductor grasped by the hand. He also reported 
that the amount of tolerable current was dependent on the 
frequency but independent of the voltage. 
Numerous experiments were conducted to determine the 
current and voltage necessary for efficient operation of the 
device. Tavernetti and Ellsworth (1938) reported the 
following results: 1) the percentage of insects killed at a 
given voltage increased with the current up to a certain 
value, at which it reached a maximum and remained practically 
constant regard less of the current, 2) for each given spacing 
of the grid bars there was a certain voltage above which 
little advantage was gained while below it the kill decreased 
quite rapidly, 3) the voltage necessary to obtain 75% kill of 
insects with various spacing of grid bars decreased with an 
increase in current up to 15 ma, 4) it required approximately 
250 to 500 V for each 0.8 mm spacing between grid bars to 
obtain a 75% kill, 5) at higher voltages and currents, the 
trap had a tendency to clean itself while at the lower 
voltages and currents it was necessary to clean the trap by 
hand, and 6) some trouble was experienced at the higher 
voltages and currents used in the test with arcing continuing 
after the insect had started it. 
Taylor et al. (1951) reported that the peak voltage that 
can be impressed upon a 12.7-mm grid (9.5 mm spacing between 
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grid wires) without "spillover" was in the region of 6,000 V. 
It was observed, however, that this arcing occurred 
principally at the ends of the grid wires. By bending the 
ends of adjoining grid wires 90° horizontally in opposite 
directions, the impressed voltage could be doubled to 12,000 
V without appreciable arcing. 
They also reported that the use of 7,000 to 12,000-V 
transformers on a 12.7-mm spaced grid eliminated most of the 
clogging on the larger area grid (8,193 cm^ ) . However, the 
use of voltages of 12,000 V on a smaller area grid (1,348 
cm2) did not prevent clogging. It was further observed that 
the best killing effect was produced by using three 8,193-cm2 
grids, spaced 12.7-mm center-to-center, and connected in 
parallel to a single 6,000-V transformer with short circuit 
current limited to 12 mA. Many insects hitting the grids on 
these traps seemed to "explode". They did not cling to the 
grids and slowly burn as insects did on other traps with 
smaller grid areas with equivalent or higher voltages. 
Apparently, the reason for this increased killing effect 
was due to the electrical capacitance in the grids. 
Obviously each pair of grid wires acted as a capacitor with 
an air dielectric which was in parallel with the capacitor 
formed by the next pair and so on. The total capacitance of 
the trap was the sum of all the individual capacitances 
formed by the adjoining grid wires. So the capacitance of 
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three traps of equal area was three times the capacitance of 
a single trap. 
When an insect touched a charged grid» it provided a 
relatively low-resistance path through which the stored 
energy of the capacitor was dissipated. The energy in a 
capacitor was given by the relation: 
W = '4CE2 
where the energy W in watt-sec, capacitance C in farads, and 
peak voltage across the capacitor E in volts. For a constant 
impressed voltage» the energy available was directly 
proportional to the capacitance on the grid wires. 
Since C = kK(A/d) (for parallel plates) where k was a 
constant, K was the dielectric constant (K = 1 for air), A 
was the effective area of the charged wires» and d was the 
effective distance between wires» the capacitance of a trap 
was directly proportional to its grid area. By substitution, 
W = K.i (A/d )E2 , where K , = '4kK. 
The effectiveness of the grids may be increased by: a) 
moving the grid wires closer» b) using larger grid areas, or 
c) adding a capacitor in parallel with the grids across the 
transformer. Moving the grid wires closer than 6.35 mm 
reduced the maximum voltage that may be impressed to less 
than 5,000 V and had a greater tendency to clog due to the 
killing of smaller insects, many of which had otherwise 
passed through unharmed. The larger grid area made it easier 
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for insects to hit the grid making it more effective but was 
limited by cost and size. The addition of a small high 
voltage capacitor across the transformer at a small 
additional cost was expected to increase the killing 
effectiveness of the grids. 
Texas Pheromone Cone Trap (Nonelectric Trap) 
Ho 11ingsworth et al. (1978) described the initial design 
and testing of the Texas pheromone trap. The design took 
concepts from the saucer-type sex-pheromone trap (Hendricks 
et al.» 1973) and the "wind vane" trap (unpublished data), 
both of which were known to have successfully trapped tobacco 
budworms, He 1iothis virescens (Fabricius). The first design 
(TP) eliminated the need for sticky material (saucer trap) 
and provided substantial size reduction by eliminating the 
need for variable orientation according to wind direction 
(wind vane trap). The base of the TP trap (Fig. 1) had a 
flat bottom surface and an entrance opening height of 50.8 mm 
as in the saucer trap. The top of the galvanized sheet metal 
cone was interfaced with a collection glass jar that 
contained a screen cone having a small aperture exit (22 mm) 
for preventing moth escape. 
The first design did not perform well and underwent a 
series of modifications. The final design designated as 3HB 
(Fig. 2) had a cone constructed of 8x8 mesh galvanized wire 
instead of the 28 ga galvanized sheet metal and did not have 
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ma# 
Figure 1. Trap TP with galvanized sheet metal cone, 
collection glass jar, 360° entrance opening, and 
plywood bottom surface 
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Figure S. Trap 3HB with 8x8 mesh galvanized wire cone, 
collection glass jar, and open bottom 
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the bottom surface. Trap 3HB caught 52 percent of the total 
number of moths caught by the electric grid trap (used as the 
standard of comparison) and its performance was significantly 
better than any of the modified TP traps designed and tested. 
The design and operation of the TP and 3HB traps was 
based on the following hypotheses: 1) the moth must detect 
the pheromone stream or cloud, follow it to the trap, enter 
the opening, and move to the top of the trap, 2) movement 
within the trap is induced by inherent escape reactions after 
the moth discovers it is within a confined area, and 3) 
movement to the top of the trap was guided by light visible 
through the collection jar at the top of the trap. 
Hartstack et al. <1979) reported additional development 
work done on the 3HB trap to: 1) replace the glass jar 
collecting device, 2) determine optimum trap size, and 3) 
improve the capture efficiency. 
The glass jar was replaced by a galvanized wire cage 
(35.5 cm high by 20.3 cm dia) with an inverted cone in the 
bottom that fitted snugly on top of the main cone. 
Three sizes of the trap were constructed, designated as 
cone-50, cone-75, and cone-100. The cone-50 trap was 
actually the 3HB trap and had a cone diameter and height of 
50.0 cm. Both cone-75 and cone-100 traps were identical to 
the cone-50 trap except that cone-75 was 75.0 cm in diameter 
and height and cone-100 was 100.0 cm in diameter and height. 
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Increasing the size of the cones significantly increased the 
catches by 50 and 62 percent for the cone-75 and cone-100 
traps, respectively» over that of the cone-50. But the small 
increase in catch of cone-100 over cone-75 did not justify 
its use because of the additional cost and large size. The 
cone-75 trap was as large as a survey trap can be and remain 
portable and inexpensive. 
The cone-50 trap was equipped with baffles which divided 
the space inside the cone into four quarters. Test results 
indicated an increase of 24 percent in catch over the 
standard cone-50 but was not statistically significant. 
Lingren et al. (1978) reported that the cone traps were 
inefficient in capturing the moths. They observed that only 
6 percent of the attracted tobacco budworm males were 
captured. Hartstack et al. (1979) found similar capture 
rates. A total of 661 tobacco budworm males were observed to 
be attracted within 1 m of the bait, but only 5.59 percent 
were captured in the cone-50 trap. An estimated 40-50 
percent of the males entered the cone but most came back out 
and were not captured. The moths seemed to fly close to the 
side of the cone and gradually downward and out. This 
behavior of the moths resulted in designing the cone-50-25, 
cone-75-25, and cone-75-50 traps. These traps were identical 
to the cone-50 and cone-75 traps except they had an 
additional rim of 8x8 mesh galvanized wire placed at their 
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bottom. In the case of the cone-75-50 trap, the rim was 
designed as a flattened inner cone with a base diameter of 
75.0 cm with the cone top removed at a height of 12.7 cm from 
the base to create an opening of 50.0 cm. The rim was wired 
to the base of the cone-75 trap (Fig. 3). The results 
revealed a major breakthrough in trap design. The trap 
catches increased 200%, 316%, and 354% for the cone-50-25, 
cone-75-25, and cone-75-50, respectively, over that for the 
cone-50. This increased capture indicated a trap efficiency 
in the range of 25-30% rather than the 5-6% that of the 
cone-50. 
Automatic Insect Traps 
During the many years that light traps have been used 
for sampling insect populations, several devices have been 
developed for the automatic separation of the nightly catch 
at predetermined intervals. Frost (1952) described the 
mechanism of the earlier devices as consisting of: 1) a 
turntable with 6 to 8 collecting jars, according to the 
number of desired intervals, 2> a tripping device to permit 
the turntable to turn at the proper time, and 3) a timing 
device. In general the turntables were similar. They had to 
be accurately balanced on a spindle that turned freely and be 
provided with a fixed pulley upon which a constant tension is 
exerted by means of a weight to give a rotating movement. 
The tripping device may be mechanized but usually was 
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Figure 3. Cone-75-50 trap with 8x8 mesh galvanized wire cone 
and collection cylinder 
1 4  
activated by a clock through an electromagnet. The greatest 
differences in the mechanisms was in the timing devices. 
Horsefa 11 and Tuller (1942) described a device giving 12 
hourly intervals. Fig. 4 shows the construction of the 
device consisting of a turntable <2 and 3) to which 12 
collecting jars were attached, a tripping device (2 and 4), 
and a timer (1>. The latter consisted of a disc attached to 
the central shaft of the clock to which a pointed projection 
was fastened. This projection shifted the position of a 
mercury switch which in turn completed the current through an 
electromagnet and activated the tripping device. 
Nagel and Granovsky (1947) described another tripping 
device. The face of a clock was replaced by a hard 
nonconductive material into which was cut a narrow groove 
describing an arc between 8 and 4 o'clock (Fig. 5). A 
section of copper wire was pressed into this groove and a 
gauge was selected that was slightly elevated above the dial 
surface. The hour hand was bent to make contact with this 
wire, thus, completing an electric circuit used to turn the 
lights on at 8 pm and off at 4 am. A circuit also was 
completed through the minute hand which made contact with the 
copper wire and gave hourly impulses to operate the 
electromagnet which lifted the trip holding the turntable. 
When the minute hand passed from the contact, the magnet made 
the trip fall back into its normal position. 
1 5  
: ,  
© 
O o 
o o 
o o 
o o 
© o 
9 
JT^Z^ZZZZZZZl 7//////4^ZÙ-. 
Figure 4. Device for interval collection of insects 
consisting of a turntable (2 and 3), a tripping 
device (2 and 4), and a timer <1) (Horsefal1 and 
Tul1er, 1942) 
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Figure 5. Device using dial of clock for interval timer 
(Nagel and Granovsky, 1947) 
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Hutchins (1940) used a slightly different arrangement 
for a timing device. The timing mechanism consisted of an 
alarm clock having an extension soldered to the hour hand 
which made contact every 2 hours. When the hour hand made 
contact, an electromagnet drew a catch which had engaged a 
metal peg in the edge of the turntable allowing it to rotate 
until the next peg was engaged. Since the hour hand moved 
slowly and maintained contact for several minutes, it was 
necessary to place an arm on top of the turntable spindle 
making contact with 6 contacts. This arm and its contacts 
were included in the circuit so that when the clock made 
contact the electromagnet would disengage the catch allowing 
the turntable to rotate. As the turntable rotated the arm on 
top of the spindle broke contact allowing the catch to engage 
the next peg on the edge of the turntable. 
Years later. King et al. (1965) described another 
tripping device that was fundamentally similar to the earlier 
models except for the use of a time switch (GE Model T-47) 
and a small solenoid. Ideally, the "on" impulse should last 
a second or two and the "off" period the rest of the hour. 
Timers capable of such a performance were expensive. The 
problem was met by modifying the above mentioned timer such 
that a microswitch attached to it was "on" half an hour and 
"off" the rest of the hour. The modified timer operated a 
solenoid switch. To the arm of the solenoid was rigidly 
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attached a specially shaped key that made contact with two 
stops (PS, perimeter stop and BS, bottom stop) on the turn 
table (Fig. 6). When the microswitch was "off", the shoulder 
of the key was against the PS (BS not engaged) and held the 
turntable stationary. When contact was made by the 
microswitch the solenoid arm retracted and withdrew the 
shoulder of the key from the PS. The turntable moved just 
enough for the PS to pass the key when the BS became engaged 
and held the turntable stationary. The next break from the 
microswitch released the solenoid arm which was immediately 
pulled forward by a spring. The BS was released by the key 
and the turntable rotated until the next PS encountered the 
shoulder of the key. 
Mitchell et al, (1972) used grid traps equipped with a 
sample-changing device containing 12 killing jars mounted on 
a rotating table that was operated by an electric timer. The 
grid traps were baited either with a 15-W blacklight lamp, 5 
virgin female tobacco hornworms, Manduca ouinguemaculata 
(Haworth), or a combination of both attractants. 
A different type of timed trapping device was described 
by Batiste (1970) which utilized a moving 10.16-cm-wide 
sticky belt as the collecting surface for a modified carton 
trap holding captive live female moths as the attractant 
source. The floor of the carton was open and exposed a 
portion of the collecting belt which passed beneath it. The 
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Figure 6. Details of tripping device, bs, bottom stop; k, 
key; kg, key guide; ks, key stop; kj, killing jar; 
1w, lower wheel; ps, perimeter stop; s, solenoid; 
ss, solenoid stop; ssb, solenoid stop brace; sp, 
spring (King et al., 1965) 
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belt passed three rollers, two of which were situated just 
below the carton and aligned horizontally with the upper 
portion of the belt. The third roller near the bottom of the 
device drove the belt at a regulated continuous rate. Except 
for that portion exposed within the carton, the belt was 
completely enclosed within a screened frame. The belt was 
prepared from impregnated cloth tape made into a continuous 
loop by overlapping 15.24-cm lengths of the two ends and 
affixing these together with the adhesive of the tape. The 
finished length of the belt was 3.66 m and speed of the drive 
motor was adjusted so that the belt made one revolution per 
day. The position of the male moths in the belt indicated 
the time they were caught. 
Another new design was described by Gentry et al. (1976) 
that utilized the trap (Pherocon IC traps, Zoecon Corp., Palo 
Alto, CA) that was the most effective in capturing male moths 
of the oriental fruit moth, Grapho1i tha mo lesta (Busck), 
lesser appleworm, Graoho1i tha orunivora (Walsh), pecan bud 
moth, Gretchena bolliana (SIingerland), lesser peachtree 
borer, Svnanthedon p ictioes (Grote and Robinson), and 
peachtree borer, Sannino idea exitiosa (Say) (Gentry et al., 
1974 and Yonce et al., 1975). Fig. 7 is a drawing of the 
device. Twelve Pherocon IC traps with permanently attached 
aluminum tops (D) were mounted on wooden frames (E) and 
fastened equidistantly around the periphery of the table. A 
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Figure 7. Time interval trap. A, flange sleeve bearing 
pulley; B, solenoid; C, flexible wire; D, traps 
with aluminum tops; E, wooden frame; F, angle 
aluminum stop; G, wooden arm; H, spring loaded 
trigger mechanism (Gentry et al., 1976) 
22 
flexible wire (C) containing the pheromone dispenser was 
attached to rotating arm <G>. A 2.7-kg weight suspended 
beneath the table (not shown) provided gravity power to 
rotate the arm and the angle aluminum stops (F) halted the 
arm at each of the twelve stop positions. A 24-h timer had 
trippers to energize the solenoid each hour. A rigid baling 
wire connected the solenoid to the spring-loaded trigger (H) 
which released the rotating arm from the twelve stops on the 
table surface. As the timer energized the electrical 
components, the arm (with pheromone dispenser) moved from one 
trap to the next and stopped for 1 h (bait passing through 
the top and bottom of the traps). 
Insect Sensing Devices 
The development of insect sensing devices arose from the 
need to record the activity of insects over long periods of 
time and to disturb the insects as little as possible. 
Further, it was required that the recording apparatus used 
with the sensing device should be kept at a distance so that 
the insects could be studied without affecting them. 
Wigglesworth (1953) stated that insects were generally 
not sensitive to the red end of the light spectrum and was 
possible to detect their activity by a photoelectric system 
using red or infrared light. 
Brown (1959) designed a detection system for recording 
the rhythmic activity of cockroaches. The system consisted 
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of two small stands each carrying a tube with a short focus 
lens of about 1 cm dia. One tube had a 6 V, 0.3 A torch bulb 
and faced the other that carried a phototransistor type 0CP71 
which had a high red sensitivity. The red light was obtained 
by operating the bulb far below its rated voltage. The 
change in phototransistor current due to total or partial 
interruption of the beam was used to operate the recording 
circuit. The stands could be separated by any convenient 
distance up to several feet. 
Brown and Unwin (1961) improved on the earlier model of 
the detection system by adding an Ilford 207 filter that 
allowed only the deep red and longer wavelengths to pass. 
Kerfoot (1966) described a photoelectric apparatus to 
study the behavior of solitary halictid bees, Agapostemgn 
texamus. The apparatus consisted of a small mirror and a 
cadmium-sulfide photoconductive cell (Polaris LDR-Cl). The 
photocell was covered with black neoprene rubber (or any 
opaque coating) with the exception of a 0.8 cm-long tube, 3 
mm in diameter, centered on the face of the photocell. This 
allowed only a narrow beam of light to trigger the photocell 
and reduced stray light which might also strike the face. 
The small mirror was angled to receive natural or artificial 
light and reflect it to the photocell. 
Rowley et al. (1968) described another detection system 
for a mosquito flight mill consisting of a 28-V lamp (GE-326) 
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and a Clairex hermetically sealed 75-mW photoconductive cell 
(603A> with a rise time of 0.001 s. The lamp and photocell 
were mounted side by side (not facing each other). The 
passing of a flight mill arm over the lamp reflected the 
light back to the photocell activating the data recording 
equipment. 
Smith and Campbell (1975) described an activity recorder 
that provided both direction and size discrimination of 
arthropods in the field. Directional information was 
obtained by the sequence with which an insect interrupted two 
light beams, while size discrimination was determined by 
simultaneous interruption of two carefully spaced light 
beams. Two 2.2-V, red filtered bulbs were directed across 
two 5-cm opening each containing a cadmium-sulfide (CdS) 
photoconductive cell. 
Flight Mills 
Many insects react according to Fraenkel's (1932) 
postulated tarsal phenomenon. That is» removal of contact 
between the tarsi of the insect and a solid object initiates 
an immediate wing movement. Also, a reverse tarsal reflex 
response occurs if the insect is permitted to re-establish 
contact with a solid object. In some mosquitoes, the tarsal 
reflex was sufficient to maintain flight until exhaustion. 
But when a mosquito's flight stopped before exhaustion, a 
gentle stimulation (puffs of air or touching the legs) 
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reinitiated flight (Clements, 1955 and Rowley et al., 1968). 
Krogh and Weis-Fogh (1952) also stated that sudden 
alterations such as flashes of bright light, sudden noise, or 
changes in temperature acted as stimuli to maintain or re­
initiate flight. 
One of the earliest records of the use of a flight mill 
was described by Kennedy (1939) in studying the visual 
response of mosquitoes, Aëdes aeovpti (Stegomyia), to dark 
colors. For suspension of the mosquito a single silk fiber 5 
mm long was attached by a dab of enamel paint to the dorsal 
surface of the thorax. The other end of the fiber was 
similarly attached to a short length of sewing cotton which 
was immersed in oil in the end of a narrow tube (Fig. 8). 
The mosquito was then able to fly and in so doing rotate the 
cotton in the oil quite freely. However, on the average only 
about 5% of the mosquitoes treated continued flying long 
enough to allow several tests to be made. The average flying 
time on the suspension was 1 h. 
Hocking (1953) made initial investigations of the 
duration of flight of insects on measured amounts of food by 
attaching cotton threads to the mesonotum of Tabanus aff ini s 
with wax. The insect was then allowed to fly freely until 
exhausted. This did not allow the measurement of distance 
flown, and the habit of flying in a loop and alighting on the 
thread was troublesome. 
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Figure 8. Mosquito suspended by a silk fiber attached t 
sewing cotton immersed in oil (Kennedy, 1939) 
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Kennedy et al. (1948) described a different kind of 
flight mill called a roundabout to study the uptake of spray 
drops by flying locusts, Schistocerca oreqaria (Forskâl). 
The locusts were suspended from the periphery of a small 
roundabout, 78 cm in diameter. By means of a gramophone 
motor the insects were revolved through the air at a constant 
speed of 2.75 m/sec, while beating their wings. But they 
were not allowed to choose their own flying speed. 
Krogh and Weis-Fogh (1952) built another roundabout for 
studying sustained flight of a swarm of locusts which allowed 
the insects to fly at a self-chosen speed until exhausted. 
The roundabout was made as large as possible to diminish the 
angular velocity and for practical reasons a revolving 
horizontal ring of 2 m diameter was constructed (Fig. 9). 
The ring was suspended by means of eight thin spokes 
originating from a hub which rested on ball bearings. The 
lowest part of the hub was provided with a 16-bladed mill 
which was driven by means of four jets of air fed from a gas 
compressor unit. The output of the compressor was regulated 
by means of a variable electrical resistance to operate the 
mill just enough to overcome the drag of the apparatus. By 
means of a sticky wax the posterior, shield-shaped part of 
the pronotum of the insect, was fixed to a small transverse 
plate of a suspending bar (Fig. 9). The bar was attached to 
the ring in such a manner that the locust swung out freely 
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Figure 9. Revolving roundabout for desert locusts (top). 
The suspension of locust (bottom). a, suspending 
bar; b, desert locust attached by means of sticky 
wax (Krogh and Weis-Fogh, 1952) 
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under the centrifugal force. The plate of the suspending bar 
was arranged so that the suspended insect was inclined at 
about 5-10® to the horizontal plane. The ring could carry 32 
locusts at a time, but normally the number did not exceed 16. 
Hocking (1953) observed that when an insect was 
harnessed to the tip of a light weight arm which was free to 
rotate about its other end, although potentially supported by 
the arm, the insect would in fact support its own weight when 
it was flying. That is, if the arm is balanced before 
attachment of the insect, it remains so with an insect 
attached and in flight, without any counterbalancing of the 
insect. The time and distance flown by an insect on this 
type of flight mill can be determined. 
The details of a 1-m arm used to study range and speed 
of flight of Drosophila are shown in Fig. 10, together with 
the method of attaching insects. The insect was attached at 
the tip of the arm with a wedge-shaped piece of aluminum 
foil. This was fastened to the insects on the mesonotum with 
wax. The broad end was folded around the tip of the mill 
arm, and also sealed with a minimum amount of wax. Minor 
adjustments to correct for irregularity in attachments were 
made by twisting or bending the foil. The insects were 
lightly anesthetized with ether or carbon dioxide before 
mounting. The mill arm was pivoted on a steel needle 
embedded in the end of 6.35 mm aluminum brass rod which also 
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1953) 
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carried the photocells. A few insects showed tendencies to 
rest part of their weight on the arm and caused the arm to 
drop until the inside of the glass tube bearing came in 
contact with the pivot. Further loading caused the arm to 
curve downwards. 
To obviate the necessity for counting revolutions of the 
arms, and to permit two insects to be flown at the same time, 
a photoelectric counting device was used. The circuit 
diagram is given in Fig. 10. The current change resulting 
from the interruption of the light falling on a photocell as 
the arm passed over it was amplified and used to trip a 
relay. This fed a direct current into an electric counter 
and to a stylus which recorded a dot on electro-sensitive 
paper moving under it on a kymograph drum. This equipment 
gave total distance travelled by an insect, as well as the 
duration of any rest periods, and the speed and acceleration 
at any time. 
Clements (1955) flew mosquitoes, Culex pipiens, on a 
flight mill similar to that designed by Hocking (1953) to 
study sources of energy for flight. A tapering arm of steel 
shim revolved about a vertical steel needle which passed 
through a hole in the arm. The arm was supported on the 
needle by a glass cone which was secured over the hole. The 
only friction, as the arm revolved, came from the contact of 
the point of the needle with the glass cone. A mosquito was 
32 
attached to the tip of the arm by wire. A spot of 42 "C wax 
was melted on to the end of the wire and this was then melted 
against the top of the thorax of the mosquito using a cautery 
of suitable temperature. When the free end of the wire had 
been fastened to the tip of the arm, small adjustments to the 
wire placed the mosquito in the normal attitude of flight. 
Flight revolution was recorded when the arm blocked light 
falling on a photocell connected to an electric counter. No 
attempt was made to correct for artificial drag. So the 
results, used for comparative purposes, indicated the 
distances flown on the mill. 
Atkins (1961) used two designs of flight mills to study 
the flight capacity of Douglas-fir beetles, Dendr_gct_g_ngus 
pseudotsugae. One design used arms made from balsa similar 
to that described by Chapman (1954). The other design used 
arms constructed from glass capillary tubing equipped with a 
balancing mechanism. 
Rowley et al. (1968) described a flight mill system for 
the quantitative assessment of mosquito, Aeties aeg_y|]t_i. 
(Stegomyia), flight performance under controlled laboratory 
conditions. The arms were fabricated from lightweight 
nonmagnetic stainless steel (Fig. 11). A plastic cylinder 
was mounted at the gravitational center of each arm which 
served as a housing (hub) for a precision-engineered sapphire 
jewel bearing. The jewel bearing was placed over a fine 
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pointed, 25.4-mm-long, stainless steel pivot. Only the jewel 
bearing came in contact with the pivot point. The pivot was 
supported on brass tubes that also supported a photoelectric 
cell system. The mosquito was attached to the tip of the arm 
by an aluminum foil wedge (10 mm long by 1 mm base) using 
wax. 
The system included a device which insured uniform 
attachment and orientation of mosquitoes to flight mill arms. 
A mosquito was inactivated by placing it in a freezer at -4 
"C for 2 min. A saddle formed from a 19G hypodermic needle 
and attached to a small vacuum was placed over the dorsum of 
the abdomen posterior to the thorax. The saddle was shaped 
to fit snugly over the abdomen of the mosquito and held the 
wings in a folded position. The saddle holding the mosquito 
was then placed in a notched pedestal mounted on the stage of 
a dissection microscope. The grooved pedestal insured 
identical presentation of each mosquito for attachment to 
flight mill arms. A flight mill arm was positioned in a 
channel on a modified Brinkman micromanipulator. The arm was 
moved into position so that the foil tip was just above and 
behind the thorax of the mosquito. A minute drop of low-
melting-point wax was used to attach the foil tip to the 
mesonotum of the mosquito with an electric needle. 
Observations made on mosquitoes indicated that they 
adjust their flight attitude to fly in a horizontal plane. 
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Data recording equipment accurately measured the 
distance flown, flight duration, and the speed of mosquito 
flight. 
Clark et al. (1984) revolutionized the data acquisition 
of flight mills by interfacing up to 16 flight mills with a 
Commodore PET 32k microcomputer at the user and cassette 
ports. The computer provided CRT screen monitoring, log 
reports, and summary reports. Each log report contained 
distance and duration of each flight by each mosquito. 
Summary reports included group assignments, total number of 
flights, distance, duration, initial speed, and average 
speed. The schematic of the interface is shown in Fig. IS. 
High speed data processing by the computer eliminated the 
inordinate number of hours previously required to process 
flight mill data. 
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PART 1: DEVELOPMENT OF MICROCOMPUTER-INTERFACED TRAPS FOR 
FIELD MONITORING OF INSECT FLIGHT BEHAVIOR 
INTRODUCTION 
The measurement of insect flight as a function of time 
is essential in a wide variety of studies. In monitoring 
insects it is often desirable to determine the time that a 
particular species is most active. Rothschild and Minks 
(1974) recorded time of insect flight by visual observation 
in the test area. Showers et al. (1976), DeRozari et al. 
(1977), and Sappington and Showers (1983) counted hourly 
sampling catches of European corn borers, Ostr inia nub ilalis 
(Hubner), in traps baited with light, pheromone, and virgin 
females to study the flight activity of these moths. 
More information on insect flight can be obtained from 
hourly sampling compared with total night sampling but many 
researchers avoid hourly sampling because of the difficulty 
and inconvenience of working in the field at night. 
Observations have to be made with the aid of special lamps 
that could have some effect, hopefully minimal, on insect 
behavior at close range. More important is the fact that 
sampling procedures have to be designed to allow the area to 
recover from the disturbance of the previous sampling. 
In efforts to make measurements of insect flight less 
laborious, more effective, and attractive to researchers, 
several timed trapping devices were developed. Batiste 
(1970) developed a time trapping device equipped with a 
revolving sticky belt used as the collecting surface. The 
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belt moved at a slow, continuous rate and indicated time 
moths were caught by their position on the belt, Mitchell et 
al. (1972) used an electric grid trap equipped with a sample 
changing device. The changing device consisted of 12 killing 
jars (with dichlorvos strip) mounted on a rotating table and 
was operated by an electric timer. A change of killing jar 
was automatically made each hour on the hour. Gentry et al. 
(1976) designed another timed trapping device with 12 
Pherocon IC traps fastened equidistantly around the periphery 
of a table and a rotating arm containing the pheromone bait. 
The arm moved from one trap to the next and stopped for 1 h. 
This study describes the design of computer-interfaced 
sensor devices and evaluates their suitability to detect and 
count insects (e.g., European corn borer and black cutworm, 
Aorotis iosiIon (Hufnagel)) in pheromone-baited electric grid 
and Texas pheromone cone traps. 
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OBJECTIVES 
The general objective of this study was to develop a 
computer-interfaced insect monitoring device (IMD) that would 
attract specific insects and count them automatically. 
The specific objectives of this study were; 
1. To design computer-interfaced sensor circuits 
to detect presence of insects. 
2. To adapt the sensor circuits to the electric 
grid and cone traps. 
3. To test the accuracy of counting of the 
computer-interfaced traps on European corn 
borer and black cutworm. 
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MATERIALS AND METHODS 
Target Insects 
Moths used in the study were the European corn borer 
(ECB), Ostrinia nub ilalis (Hubner) and the black cutworm 
(BCW), Aarot is iosilon (Hufnagel). ECB moths are buff-
colored with a thorax width of 3.S mm, body length of 13.5 
mm, and unexpended wing width of 12.4 mm. BCW moths are 
black with a thorax width of 6.2 mm, body length of 20.2 mm, 
and unexpanded wing width of 10.6 mm. 
The ECB and BCW moths were attracted to the traps using 
synthetic pheromones: Z;E-11-tetradecenyl acetate (97:3) for 
ECB and 3:1 ratio of Z-7-dodecany1 acetate and Z-9-
tetradecanyl acetate for BCW (Klun et al., 1973 and Hill et 
al., 1977). 
Insect Traps 
The traps selected for the study were the pheromone-
baited cylindrical electric grid trap (hereafter referred to 
as grid trap) and the Texas pheromone cone trap (hereafter 
referred to as cone trap) primarily for their efficiency in 
capturing insects and their potential for automatic sensing 
and counting of insects. 
The grid trap (Fig. 13), modified from Sears electronic 
insect killer model no. 833.1435, was powered by 120 V and 
produced 5,000 V at 9 mA short circuit current at the grid. 
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Figure 13. Pheromone-baited electric grid trap 
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The grid was made up of electrodes spaced 12.7 mm apart 
center-to-center making a cylindrical pattern with a diameter 
of 22.9 cm and a length of 45.7 cm. The grid area was 
protected by a copper wire screen cone that had a base 
diameter and height of 76.2 cm. The wire cone was open at 
the base and the pheromone (contained in a rubber septum) 
placed 25.4 mm below the center of the base. This design 
attracted the target insects from the bottom of the cone and 
prevented non-target insects flying horizontally from 
accidentally getting to the grid. A tripod and pulley system 
suspended the grid trap about 1.3 m above the ground. 
The cone trap (Hartstack et al., 1979), designated as 
cone-75-50, consisted of the main cone body and the 
collection cylinder (Fig. 14). The main cone body had two 
galvanized wire cones (8x8 mesh hardware cloth) one inside 
the other and wired together at their bases. The outer cone 
had a base diameter and height of 75 cm. The inner cone 
(frustum of a cone) had the same base diameter of 75 cm but 
its height was only 12.7 cm to the point at which its top was 
removed to create a 50-cm-diameter opening. The pheromone 
(contained in a rubber septum) was placed 25.4 mm below the 
center of the base of the main cone body. The collection 
cylinder had a diameter of 20.3 cm and height of 35.6 cm and 
was placed on top of the main cone body. It had a removable 
top cover to access the captured moths and a conical bottom 
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Figure 14. Texas pheromone cone trap (cone-75-50) 
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to fit the top of the main cone. The captured moths moved 
from inside the main cone to the collection cylinder through 
25.4-mm holes at the apices of the main cone and the conical 
bottom of the collection cylinder. A monopod driven through 
the ground supported the cone trap at a height of about 1.3 m 
above the ground. 
Sensors for Grid Trap 
The main components of the grid circuit were a high 
reactance transformer (neon sign current-limiting type) and 
high voltage capacitors (Fig. 15). During operation, the 
current in the primary circuit induced a secondary voltage in 
the secondary circuit of the transformer. The secondary 
voltage with 60 Hz impressed on it charged the capacitors 
alternately positively and negatively. When an insect came 
in contact with the grid, it provided a relatively low 
resistance path through which the stored energy of the 
capacitors was dissipated commonly called zaps or arcs. The 
duration of the zaps varied according to the position of the 
insect in the grid. In addition, zaps were either continuous 
or discontinuous. Non-continuous zaps gave problems in 
trying to count insects automatically. To solve this 
problem, circuit time delays were used to integrate the non-
continuous zaps into continuous ones. The circuit time delay 
modified the response of the sensor such that the output 
remained high a predetermined time beyond the termination of 
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the zap. If sufficient time delay was selected, the next zap 
occurred before the time delay expired. This way, most 
noncontinuous zaps were detected as continuous and counting 
was more accurate. Circuit time delays of 0.5, 1.0, and 1.5 
sec were used. 
The grid trap, however, occasionally clogged when used 
with BCW; a situation that rendered the trap inoperative. 
The number of capacitors in parallel with the grid was 
increased from 2 to 4 to eliminate the clogging problem. 
Three sensor circuits were designed and tested for 
detecting insects in the grid trap. One sensor (voltage 
change device) detected voltage changes in the grid circuit 
when insects were zapped. The other two (sound switch and 
sound tripper devices) were actuated by the zapping sound. 
Vo1taqe change device 
This sensor consisted mainly of the power resistor (Ra) 
connected in series with the primary circuit of the grid 
transformer (Fig. 15). The primary current increased when an 
insect was being zapped in the grid. Correspondingly, the 
voltage across also increased. Changes in voltage across 
R(3 signaled the presence of insects. The AC voltage across 
Re was converted to DC voltage by a bridge full-wave 
rectifier (5332) and an RC peak filter configuration (Rr and 
Cf). The analog signal from the RC filter was converted to 
digital bits by Schmitt trigger 1 (7414). The output of 
'J 
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trigger 1 inverted the signal (low) and was fed to Schmitt 
trigger 2 for another inversion of the signal (high). The 
twice inverted signal was then directed to the input of the 
binary coded decimal (BCD) counter (74390) and the CAl pin of 
the user port A of the microcomputer. The counter was 
negative-edge triggered and did not count until the input 
signal returned to low. The output of the BCD counter 
consisted of 8 lines and was connected to the 8 data lines of 
user port A. CAl pin, also set for negative-edge triggering, 
signaled to the computer to read the data lines of user port 
A. One line from the 8 data lines of user port B was used to 
reset the BCD counter. 
The value of Ro was chosen such that the input voltage 
to Schmitt trigger 1 was less than 0.8 V at open grid (no 
insect) and greater than 2.0 V at closed grid (with insect). 
Rd = 10 Q rated at 5 W for a grid with two parallel 
capacitors (used for ECB) and Ro = 5 Q rated at 5 W for four 
parallel capacitors (used for BCW). The magnitude of the 
primary current doubled when the parallel capacitors was 
increased to four. The value of Ro, therefore, had to be cut 
in half in order to maintain the operating requirements of 
Schmitt trigger 1. 
Different combinations of Rf and Cf were used to produce 
the selected circuit time delay. 
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Sound switch device 
The sound switch sensor was a modification of the NTS 
sound activated switch model R-1 manufactured by National 
Technical Systems, Product Group, 6708 Varied avenue, Canoga 
Park, CA 91303 (Fig. 16). It had an input of ISO V and an 
output of, also, 120 V that lasted for a preset length of 
time and was triggered by a preset level of sound. Two 
adjustment screws were provided: one to set the level of 
sound that triggered the output (sensitivity screw) and the 
other to adjust the length of time the output was activated 
(time screw). The sensitivity screw was set at 1/4 turn 
which provided 98% sensitivity to the zapping sound of ECB 
(Fig. 17), The output stayed on as long as the sound 
continued because the timer circuit was restarted every time 
a sound was detected. The original time setting was variable 
from 5 s to 15 min. It was, therefore, necessary to modify 
the timer circuit to make the time setting variable from 
about 0.1 to 15.0 s to provide the required time delays. The 
ISO V output of the sound switch was reduced using a 1S.6-V, 
l.S-A power transformer (RSS73-1505), rectified (half-wave 
rectification) using a single diode (1N4003), and fed to a 
5-V, 1-A dc voltage regulator (7805) (Fig. 18). The rest of 
the circuit was similar to the corresponding circuit of the 
voltage change device. 
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Figure 16. The Dale Beam photo tripper (left) and the NTS 
sound-activated switch (right) 
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Sound tripper device 
The sound tripper sensor was a Dale Beam photo tripper 
manufactured by Dale Instruments Inc., P. 0. Box 5222, 
Arlington, VA 22205 designed to trigger a camera in response 
to a sound or light beam interruption (Fig. 16). Only the 
sound mode of the photo tripper was used in the study. A 
tripper level was provided to set the sensitivity to sound. 
It was set at 3/4 turn to provide 99% sensitivity to the 
zapping sound of ECB and BCW (Fig. 17). The sound tripper 
worked like a switch that was momentarily turned on and then 
off every time sound was detected. The switching time was 
factory set at 0.5 s but could be adjusted from l/16th to 1.0 
s in the internal controls. Unlike the sound switch, the 
sound tripper did not continuously stay on despite a 
continuous sound. What it gave was a series of turning on 
and off for a continuous sound. The positive terminal of the 
sound tripper was connected to a 5 V source and the negative 
terminal to the time delay circuit (Fig. 19). Different 
combinations of R t  and Cf were used to produce the required 
time delays. The rest of the circuit was similar to the 
corresponding circuit of the voltage change device. 
Sensors for Cone Trap 
Moths entered the cone trap from the base of the main 
cone and moved up through the narrow opening holes of the 
apices of the main cone and the conical bottom of the 
DALE 
TRIPPER 
10^ 
—V^AA/*—^ 
5 VDC 
CIRCUIT TIME DELAY 
Time, sec Cg, 
0.5 1000 
1.0  1000 
1.5 1000 
-f, 
220 
470 
680 
J 
CAl 
Figiire IV. cirhemAti 
SCHMITT 
TRIGGER 
(7414) 
A 
R. 
COUNTER 
(74390) 
CLR 
00 
Ui 
M g 
< 
O 01 
-C-
CONTROL LINES 
-M 
DS 
LATCH 
(8212) di 
PORT B PORT A 
ROCKWELL AIM65 MICROCOMPUTER 
of the sound tripper clevi< e 
55 
collection cylinder. The use of light sensors strategically 
placed at the apex of the conical bottom of the collection 
cylinder was appropriate for detecting passage of insects. 
Infrared sensors consisting of a gallium aluminum arsenide 
super-high output infrared (IR) emitting diode (XC-880-A) and 
an NPN silicon phototransistor (T1L414) were mounted on a 
plastic tube facing each other. The tube was placed at the 
apex of the conical bottom of the collection cylinder. Two 
sizes of the tubes were used: both had inside diameters of 
12.7 mm but the height of one was 12.7 mm (long tube) and the 
other was 6.3 mm (short tube). 
The diode produced a non-coherent infrared beam directed 
to the phototransistor (Fig. 20). An insect passing through 
the tube interrupted the beam producing a voltage change in 
the sensor circuit that indicated the presence of an insect. 
The phototransistor functioned as a switch that was turned on 
when the IR beam from the diode shone on it and turned off 
when an insect blocked the IR beam. When the phototransistor 
was off, the voltage at junction X was high, allowing 
transistor Q1 to switch on and complete the input circuit of 
the optical isolator (3040). The output of the optical 
isolator, normally held at 5 V, grounded the input of the 
Schmitt trigger (7414) through the 2.2 kft resistor. The 
output of the trigger inverted the signal (high) and was fed 
to the input of the binary coded decimal (BCD) counter 
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(74390) and the CAl pin of the user port A of the 
microcomputer. The counter was negative-edge triggered and 
did not count until the input signal returned to low. The 
output of the counter consisted of 8 lines and was connected 
to the 8 data lines of user port A of the microcomputer. CAl 
pin, also set for negative-edge triggering, signaled to the 
microcomputer to read the data lines of user port A when the 
signal returned to low. A control line from one of the 8 
data lines of user port B was used to reset the counter. 
The optical isolator provided separation of the sensor 
circuit from the digital input circuit of the computer. The 
isolation minimized the transfer of electrical noise from the 
sensor circuit to the computer. 
The Schmitt trigger converted the analog signal from the 
sensor circuit to digital bits before being fed to the BCD 
counter and the microcomputer. 
The switching of the phototransistor was fast (8 Ms rise 
time and 6 Ms fall time) compared with the movement of the 
insect through the tube and resulted in frequent multiple 
sensing of an insect. A time delay was again necessary to 
make counting more accurate. A computer program time delay 
was attempted instead of a circuit time delay. 
Microcomputer 
Each sensor was connected to one Rockwell AIM65 
microcomputer (Fig. 21). The AIM65 was built based on an 
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/ 
Figure 21. The Rockwell AIM65 microcomputer with the 
cassette tape recorder and interface box 
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a-bit microprocessor (6502) that operated at 1 MHz providing 
a minimum instruction execution time of 2 Msec. Hardware 
included a 1-line by SO-column alphanumeric display, full 
size 54-key keyboard, SO-column thermal printer, dual audio 
cassette interface, teletype interface, serial input/output 
lines, two parallel 8-bit bidirectional input/output ports 
(ports A and B), four control lines (CAl, CA2, CBl, and CB2), 
and two timers (T1 and T2>. It had 8K bytes of monitor 
program ROM, 4K bytes of assembler ROM, 4K bytes of BASIC 
ROM, and 4K bytes of user RAM (Rockwell International, 1979). 
Ports A and B were designated as input and output ports, 
respectively. The computer read information from the sensor 
interface through port A and sent instructions to the sensor 
interface through port B. Timer T1 was set to make timer 
interrupts every 0.05 s used in the program to keep time. A 
computer cassette recorder (Radioshack model CCR-81) was used 
to store programs during software development and load 
programs to the computer. Data generated by the computer 
were printed on the thermal printer. 
The programs were written in assembly language for the 
following reasons: 1) limited RAM available on board, 2) 
convenience to test and debug programs, and 3) faster program 
execution than higher level language such as BASIC (Choi, 
1984). 
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Laboratory Tests 
Laboratory tests on counting accuracy of the computer-
interfaced insect traps were conducted at the Corn Insects 
Research Laboratory, Iowa State University Research Farm, 
Ankeny, IA 50021. The insects (ECB and BCW) used in the 
tests were obtained from the colonies maintained at the 
laboratory. 
Gr.i_d trap. 
The grid trap with two capacitors was tested on ECB 
moths and the grid trap with four capacitors on BCW moths. 
Three sensors (voltage change device, sound switch device, 
and sound tripper device) and three circuit time delays (0.5, 
1.0, and 1.5 s) were tested with each treatment replicated 
five times. 
The AIM65 microcomputer was programmed to count 25 moths 
and record the time each moth was zapped. The program 
consisted of the MAIN loop and the CLOCK subroutine. The 
MAIN loop monitored the status of the CAl interrupt flag and 
maintained two counters (Fig. 22). One counter (CNT) was 
set-up in the program itself and the other counter (CNTl) was 
read from the contents of the external BCD counter at the 
sensor interface. Two counters were maintained to determine 
the accuracy of counting of the external BCD counter. The 
CLOCK subroutine kept time in the 24-h format by monitoring 
the status of the T1 interrupt flag (Fig. 23). An example of 
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NO 
CA1=1 
NO 
SECD=INDX+1 
YES 
DISPLAY TIME 
Ï 
YES 
INCR CNT 
I 
READ EXTCNTR 
Ï 
EXTCNTR=CNT1 
ï 
DISPLAY CNTS 
£ 
UPDATE TOTALS 
INCR INDX+1 • 
«É 
PRINT CNTS 
RESET CNTS 
INCR INDX 
DISPLAY TOTALS 
ï 
PRINT TOTALS 
ï 
RESET TOTALS 
ï 
INDX=1 
Figure 22. MAIN loop of the computer program for the 
laboratory testing of the electric grid trap 
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INCR SECEH-1 
YES NO 
RESET SECEH-1 SECD=20 RTI 
INCR SECD 
NO YES 
SECD=60 RESET SECD 
INCR MIN 
YES NO 
RESET KEN MIN=60 RTI 
INCR HR 
NO YES 
HR=24 RTI RESET HR 
RTI 
Figure 23. CLOCK subroutine of the computer program for the 
laboratory testing of the electric grid trap 
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ROCKWELL AIM 65 
ELECTRIC GRID TRAP 
TRAP ## : 01 
MO/DAY/YR: 04/15/85 
HOURzMIN : 16:10 
## TIME CNT CNTl 
01 16:10:14 01 01 
02 16:10:29 01 01 
03 16:10:43 01 01 
04 16:10:57 01 01 
05 16:10:57 01 01 
06 16:11:13 01 01 
07 16:11:21 01 01 
08 16:11:30 01 01 
09 16:11:42 01 01 
10 16:11:43 01 01 
11 16:12:00 01 01 
12 16:12:24 01 01 
13 16:12:36 01 01 
14 16:12:47 01 01 
15 16:13:01 01 01 
16 16:13:12 01 01 
17 16:13:20 01 01 
18 16:13:37 01 01 
19 16:13:49 01 01 
20 16:13:58 01 01 
21 16:14:10 01 01 
22 16:14:24 01 01 
23 16:14:39 01 01 
24 16:15:04 01 01 
25 16:15:06 01 01 
TOTAL: 25 25 
Figure 24. Example of the computer printout of the 
laboratory testing of the electric grid trap 
showing sensing index (##), time, computer count 
(CNT), external count (CNTl), and total counts 
(TOTAL) 
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the computer printout is shown (Fig. 24). 
The moths were thrown to the grid area by hand one at a 
time at the rate of about 6 moths/min. This was done to 
differentiate one moth from the next in the computer 
pr intout. 
Cone trap 
Two plastic tubes (tall and short tube) and five program 
time delays (0» 0.5, 1.0, 1.5, and 2.0 s) were tested with 
each treatment replicated five times. Pupae were placed in 
an emergence cage and the collection cylinder of the cone 
trap (equipped with the sensors) was placed on top of the 
cage. As the moths emerged, each crawled or flew up the 
cage, passed through the tube, and entered the collection 
cylinder. Assuming the moths emerged at different times 
during the night, this procedure minimized the possibility of 
several moths trying to enter the collection cylinder at the 
same time. 
The AIM65 microcomputer was used to count and record the 
time the moths entered the collection cylinder. The program 
consisted of the MAIN loop and the TIMER subroutine. The 
MAIN loop monitored the status of the CAl interrupt flag, 
provided the required time delays, and maintained two 
counters (CCNT and ECNT) (Fig.. 25). The CCNT reflected the 
count with a delay time and the ECNT, which was read from the 
external BCD counter at the sensor interface, indicated the 
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count without a delay time. The TIMER subroutine kept time, 
controlled the display and the printer, and the resetting of 
the counters (Fig. 26). An example of the computer printout 
is shown (Fig. 27). 
Field Tests 
Field tests on the performance of the computer-
interfaced insect traps with ECB and BCW were conducted at 
the Iowa State University Research Farm, Ankeny. Two 
locations for the traps were selected based on topography, 
vegetation, and previous record of harboring the target 
insects. One location was north of the Corn Insects Research 
Laboratory near a creek and had access to a power source. 
The other one was located south-east of the laboratory on a 
hill and did not have access to a power source. A DC/AC 
power inverter (Tripp Lite Model PV-500FC) and a 12-V battery 
(Sears DieHard Deep Cycle RV/Marine #9649) were used to 
provide portable power supply (Fig. 20). The inverter had a 
low voltage-high current input of IS V dc and a high voltage-
low current output of 115 V ac, 60 Hz, 500 W square wave. 
The battery was rated at 14.5 h of continuous use without 
recharging at a load of 5 A. When the inverter was connected 
to the AIM65 microcomputer, the battery voltage dropped 0.76 
V in 12 h. Synthetic pheromones were used to lure the target 
insects to the traps and were replaced weekly for the 
duration of the tests. 
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NO 
CA1=1 
YES 
RESET CAl 
Y=DLAY 
X=$64 
DECR X 5 msec DELAY 
NO NO YES 
CA1=1 X=0 
YES 
DECR Y INCR CCNT 
NO READ EXTCNTR YES 
Y=0 
EXTCNTR=ECNT 
Figure 25. MAIN loop of the computer program for the testing 
of the Texas cone trap 
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A» DISPLAY CNTS 
INCR SECD+1 YES 
RTI CCNT=REF 
NO 
YES 
RESET SECIH-1 
REF=CCNT 
NO 
INCR SECD 
PRINT CNTS RTI 
YES NO 
SECD=60 RESET SECD 
DISPLAY TOTALS INCR MIN 
PRINT TOTALS YES 
MIN=60 RESET MIN 
NO RESET EXTCNTR 
INCR HR 
RESET CNTS 
NO 
HR=24 
RESET REF 
YES 
RESET HR 
RTI 
Figure 26. TIMER subroutine of the computer program for the 
testing of the Texas cone trap 
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TP CONE TRAP 
TRAP ## : 04 
MO/DAY/YR: 07/14/86 
HOUR:MIN : 16:22 
DELAY ## : 01 
HH:MM:SS CCNT ECNT 
17:00 TOTAL; 00 00 
18:00 TOTAL: 00 00 
19:00 TOTAL; 00 00 
20:00 TOTAL: 00 00 
21:00 TOTAL: 00 00 
22:00 TOTAL: 00 00 
22:33:22 01 04 
22:33:48 02 06 
23:00 TOTAL: 02 06 
23:11:25 01 01 
23:40:24 02 02 
23:47:02 03 03 
00:00 TOTAL; 03 03 
01:00 TOTAL: 00 00 
02:00 TOTAL: 00 00 
03:00 TOTAL; 00 00 
03:51:39 01 03 
04:00 TOTAL; 01 03 
04:49:49 01 02 
05:00 TOTAL: 01 02 
Figure 27. Example of the computer printout of the 
laboratory and field testing of the Texas cone 
trap showing time, computer count with program 
time delay (CCNT), external count without program 
time delay (ECNT), and total count at the end of 
each hour 
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Figure 28. The TrippLite DC/AC power inverter and Sears deep 
cycle battery 
The accuracy of counting was verified by collecting the 
bodies of zapped insects and by listening to the zapping 
sound of the grid. An inverted cone and a small jar at the 
apex of the cone were placed under the trap to catch and 
collect the zapped insects. The zapping sound was recorded 
by placing a small, battery-operated, sound-activated tape 
recorder (Panasonic Model RN-109) in the grid trap (Fig. 29). 
The AIM65 microcomputer was reprogrammed to count and 
record the time moths were caught. The program consisted of 
the MAIN loop and the CLOCK subroutine but only the MAIN loop 
was modified from the program used in the laboratory test 
(Fig. 30). The MAIN loop automatically started and stopped 
the counting and recording of insect catches at 2000 hr (8:00 
pm) and 0500 hr (5:00 am), respectively. It also read the 
contents of the external BCD counter at the sensor interface 
and displayed it as CNT. A sample of the computer printout 
is shown (Fig. 31). 
Cone trap 
The accuracy of counting was verified by counting the 
moths in the collection cylinder. The same computer program 
used in the laboratory test was used in the field test. The 
AIM65 microcomputer was powered by a 12-V battery with the 
DC/AC power inverter. 
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Figure 29. The Panasonic sound-activated tape recorder 
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YES WAIT MAIN 
CA1=1 HR=20 RESET EXTCNTR 
YES NO 
XX=1 
READ DRA NO 
SECD=INDX+2 
HR=IND% 
YES DRA=CNT 
DISPLAY TIME 
ADJUST INDX 
DISPLAY CNT 
ADJUST INDX+2 
NO 
PRINT CNT HR=5 
YES 
INCR XX 
XX=0 
NO 
SECD=INDX+2 
YES 
DISPLAY TIME RESET CNT DISPLAY TOTAL • 
XX=1 PRINT TOTAL ADJUST INDX+2 
RESET EXTCNTR ADJUST INDX YES 
HR=INDX 
NO 
Figure 30. MAIN loop of the computer program for the field 
testing of the electric grid trap 
73 
ELECTRIC GRID TRAP 
TRAP ## : 02 
MO/DAY/YR: 07/22/86 
HOURzMIN : 16:11 
## HH:MM:SS COUNT 
01 20:00:39 01 
02 20:05:40 02 
03 20:08:30 03 
04 20:11:24 04 
05 20:51:51 05 
21 :00 05 
01 21:00:32 01 
02 21:03:45 02 
03 21:05:25 03 
04 21:11:07 04 
05 21 : 12:06 05 
06 21 ; 17:31 06 
22:00 06 
01 22:22:06 01 
23:00 01 
01 23:08:49 01 
02 23:09:50 02 
03 23:46:20 03 
00:00 03 
01 00:23:03 01 
02 00:24:34 02 
01:00 02 
01 01:28:23 01 
02:00 01 
03:00 00 
01 03:44:42 01 
04:00 01 
05:00 00 
Figure 31. Example of the computer printout of the field 
testing of the electric grid trap showing sensing 
index (##), time, and external count (COUNT), and 
total count at the end of each hour 
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RESULTS AND DISCUSSION 
Grid Trap 
Laboratory tests 
The specification of the grid (5,000 V at 9 mA with grid 
spacing of IS.7 mm center to center) was sufficient when used 
with ECB. Dalziel (1950) stated that voltages higher than 
3,500 V was necessary for the grids to clean themselves, 
grid spacing of 9.5 mm to IS.7 mm was satisfactory to prevent 
clogging, and maximum current should not exceed 15 mA for 
human safety. When used with ECB, the duration of zaps 
varied from 0.5 to 15.0 s depending on the orientation of the 
moth on the grid. The average duration of the zaps was 1.S 
s. 
The original grid, however, was unsatisfactory when used 
with BCW. The body of BCW was about 5.49 times by volume 
that of ECB. The resulting zaps were longer and the grid 
occasionally clogged. The zaps ranged from 0.5 to 60.0 s 
with an average of 5.9 s. Apparently, the energy available 
at the grid due to its capacitance was not sufficient to burn 
the BCW quickly and keep it from clogging the grid. Taylor 
et al. (1951) stated that the energy of a grid with a given 
transformer could be increased by: 1) moving the grid wires 
closer together, S) using larger grid areas, and 3) adding a 
capacitor in parallel with the grid. Moving the grid wires 
closer together will reduce the maximum voltage that may be 
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impressed and will have a greater tendency to kill smaller 
insects many of which would otherwise pass through unharmed. 
A larger grid area will make it easier for the moths to hit 
the grid making it more effective. However, there is an 
obvious limit to the grid area due to cost and physical 
dimension. Installing a small high voltage capacitor across 
the transformer will entail a small additional cost that will 
greatly increase the killing effectiveness of the grid. But 
if the grid is more effective in killing moths it must also 
be more hazardous to humans. Doubling the number of 
capacitors in parallel with the grid from two to four 
eliminated the occasional clogging and zap duration actually 
decreased. The zaps ranged from 0.5 to 40 s with an average 
of 2.7 s. 
The energy of the grid due to its capacitance was 
increased by adding capacitors as given by the relation: 
W = '«éCV- where; 
W = energy in the capacitors, joules 
C = capacitance of the condenser, farads 
V = peak voltage across the condenser, volts 
As capacitors add in parallel, the energy available is 
directly proportional to the total capacitance for a constant 
impressed voltage (Taylor et al., 1951). 
The increased energy of the grid due to its capacitance 
also increased the primary and secondary currents of the grid 
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transformer. The secondary current became 18 mA which 
exceeded the maximum current of 15 mA set for human safety. 
But the grid was enclosed by a screen cone which made it safe 
to handle. Correspondingly, with a doubling of the secondary 
current the primary current also doubled so that the value of 
the series resistor R» in the voltage change device had to be 
cut in half in order for it to operate properly. 
The accuracy of counting was affected by sensor and 
counter errors. Two sensor errors were encountered: 1) 
failure to sense an insect (FS), and 2) multiple sensing of 
an insect (MS). Although very minimal, two counter errors 
were occasionally experienced: 1) failure to count (FC), and 
2) multiple counting (MC). 
The correct count was computed as: 
CC = IC + FS - MS + FC - MC where 
CC = correct count 
IC = indicated count in the computer printout 
FS = no. of missed counts due to failure to sense 
MS = no. of extra counts due to multiple sensing 
FC = no. of missed counts due to failure to count 
MC = no. of extra counts due to multiple counting 
The percent total error (PTE) in counting was computed 
as : 
PTE = ((IC - CC)/CC)*100 
but : 
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(IC - CO = -FS + MS - FC + MC 
therefore: 
PTE = (-FS/CC + MS/CC - FC/CC + MC/CC)*100 
and : 
% FS Error = -(FS/CC>*100 
% MS Error = +<MS/CC)*100 
% FC Error = -(FC/CC)*100 
% MC Error = +(MC/CC)*100 
FS and FC were negative errors that lowered the 
indicated count while MS and MC were positive errors that 
increased the indicated count. The total error, therefore, 
was the sum of the negative and positive errors. 
Generally, FS errors occurred because of the very short 
zaps. A very short zap was one that lasted less than 0.5 s 
and produced only a "tick" sound. The sensors, apparently, 
were not sensitive and fast enough to react to a single 
"tick" sound. The analysis of variance for FS error of the 
electric grid trap (Table 1) indicated that the variabilities 
between insects, devices, and interaction of devicexdelay 
were significant. The table of means for FS error of the 
electric grid trap (Table 2) showed that counting BCW 
resulted in a greater FS error (-9.16%) compared with ECB 
(-2.31%). This result was consistent with the fact that more 
BCW were zapped with very short zaps and were not detected by 
the sensors (Fig. 32). The FS error was greatest with the 
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Table 1. Analysis of variance of percent counting errors 
due to failure to sense (FS) - (laboratory testing 
of grid trap) 
SOURCE DF MEAN SQUARE F-VALUE F-TABULATED 
5% 1% 
Rep 4 53.150 2.42ns 2.50 3.61 
Insect 1 1054.044 48.06** 3.98 7.02 
Device 2 359.100 16.37** 3.14 4.94 
InsectxDevice 2 28.611 1.30ns 
Delay 2 13.733 0.63ns 
InsectxDelay 2 21.378 0.97ns 
DevicexDelay 4 151.133 6.89** 2.50 3.61 
InsectxDevicexDelay 4 42.344 1.93ns 
Error 68 21.932 
Table 2. Table of means of percent counting errors due to 
failure to sense (FS) - (laboratory testing of grid 
trap ) 
REP INSECT DEVICE DELAY FAILURE TO SENSE LSD 
( % ) 5% 1 % 
1 *  1 *  1 *  1 *  
1 *  2 *  1 *  1 *  
1  *  1 *  1 *  1 *  
1 *  1 *  2 *  1 *  
1* 1* 3* 1 * 
-2.311 1.396 1.857 
-9.156 
-3.033 1.710 2.274 
-9.633 
-4.533 
1 * 1 * 1 * 1 * 0.000 
1 * 1 * 2 * 1 * -6.933 
1 * 1 * 3 * 1 * 0.000 
1 * 2 * 1 * 1 * —6.069 
1 * 2 * 2 * 1 * -12.333 
1 * 2 * 3 * 1 * -9.067 
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Table S. (Continued) 
REP INSECT DEVICE DELAY FAILURE TO SENSE LSD 
(%) 5% 1% 
1 * 1 * 1 * 1 * -5.133 
1 * 1 * 1 * 2 * -5.600 
1 * 1 * 1 * 3 * -6.467 
1 * 1 * 1 * 1 * -1.400 
1 * 1 * 1 * 2 * -1.533 
1 * 1 * 1 * 3 * -4.000 
1 * 2 * 1 * 1 * -8.867 
1 * 2 * 1 * 2 * -9.667 
1 * 2 * 1 * 3 * -8.933 
1 * 1 * 1 * 1 * -4.500 2.962 3.940 
1 * 1 * 1 * 2 * -3.000 
1 * 1 * 1 * 3 * -1.600 
1 * 1 * 2 * 1 * -4.500 
1 * 1 * 2 * 2 * —9.600 
1 * 1 * 2 * 3 * -14.800 
1 * 1 * 3 * 1 * -6.400 
1 * 1 * 3 * 2 * -4.200 
1 * 1 * 3 * 3 * —3.000 
1 * 1 * 1 * 1 * 0.000 
1 * 1 * 1 * 2 * 0.000 
1 * 1 * 1 * 3 * 0.000 
1 *• 1 * 2 * 1 * -4.200 
1 * 1 * 2 * 2 * -4.600 
1 * 1 * 2 * 3 * -12.000 
1 * 1 * 3 * 1 * 0.000 
1 * 1 * 3 * 2 * 0.000 
1 * 1 * 3 * 3 * 0.000 
1 * 2 * 1 * 1 * -9.000 
1 * 2 * 1 * 2 * —6.000 
1 * 2 * 1 * 3 * -3.200 
1 * 2 * 2 * 1 * -4.800 
1 * 2 * 2 * 2 * -14.600 
1 * 2 * 2 * 3 * -17.600 
1 * 2 * 3 * 1 * -12.800 
1 * 2 * 3 * 2 * -8.400 
1 * 2 * 3 * 3 * —6.000 
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SO 
20 -
Cloggad 50 60 30 40 10 20 ,5 
TIME, aec 
O ECB2 + BCW2 « BCW4 
Figure 32. Zap duration of European corn borer and black 
cutworm on the electric grid trap with 2 and 4 
capac i tors 
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voltage change device (-9.63%) compared with the two sound 
sensors which did not significantly differ from each other 
(-3.03% for sound switch and -4.53% for sound tripper). No 
significant differences in FS error were detected with the 
time delays used. In the interaction of devicexdelay, the 
differences in FS errors due to time delays with the voltage 
change device were significant (-4.5%, -9.6%, and -14.0% for 
0.5, 1.0, and 1.5 s time delays, respectively). Note that 
the FS error increased with time delay. Recall that the time 
delays were accomplished by selecting specific values of 
capacitors and resistors which affected the discharge time of 
the selected capacitor. A longer discharge time resulted in 
a longer time delay. However, a longer discharge, also, 
required a longer charging time. And a very short zap did 
not have enough time to charge the capacitor to a high enough 
voltage for the Schmitt trigger to operate. The sound switch 
device did not show significant difference in FS error in any 
of the time delays used. The sound tripper device, however, 
had a significant difference in FS error between the 0.5 and 
1.5 s time delays. The best time delay for minimum FS error 
was 0.5 s. The grand mean of FS error was -5.733%. 
The MS error was the major source of counting error 
primarily because of the noncontinuous zaps but its effect 
was minimized by providing time delays to integrate the 
noncontinuous zaps. The analysis of variance for MS error of 
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the electric grid trap (Table 3) indicated that the 
variabilities between insects, devices, delays and 
interaction of insectxdevice were significant. The table of 
means for MS error of the electric grid trap (Table 4) showed 
that counting BCW resulted in an MS error of 37.78% and only 
10.29% for ECB. The body of BCW was about 5.49 times by 
volume that of ECB and when lodged between two grid wires 
started to burn slowly. It took a longer time for the grid 
to break down the resistance of BCW. MS error was greatest 
with the sound switch device (33.33%), followed by the sound 
tripper device (23.83%), and was least with the voltage 
change device (14.93%). This result was consistent with the 
fact that while an insect was lodged between the grid wires 
and no zapping was occurring (grid energy was breaking down 
the resistance of the insect), the insect provided a path to 
complete the secondary circuit of the grid. This condition 
held the voltage change device at a high condition 
indefinitely and prevented the device from making false 
counts. The best delay time for minimum MS error was 1.0 s 
(43.66%, 13.5%, and 14.93% for 0.5, 1.0, and 1.5 s time 
delays). Extending the time delay beyond 1.0 s did not 
significantly improve the accuracy of counting. The grand 
mean MS error was 24.03%. 
FC and MC did not contribute to any serious counting 
errors and could be completely eliminated by removing the 
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Table 3. Analysis of variance of percent counting errors due 
to multiple sensing (MS) - (laboratory testing of 
grid trap) 
SOURCE DF MEAN SQUARE F-VALUE F-TABULATED 
5% 1% 
Rep 4 659.656 2.25ns 2.50 3.61 
Insect 1 17001.878 58.01** 3.98 7.02 
Device 2 2540.100 8.67** 3.14 4.94 
InsectxDevice 2 694.411 2.37ns 
Delay 2 8688.433 29.64** 
InsectxDelay 2 2329.744 7.95** 
DevicexDelay 4 217.583 0.74ns 2.50 3.61 
InsectxDevicexDelay 4 55.528 0. 19ns 
Error 68 293.097 
Table 4. Table of means of percent counting errors due to 
multiple sensing (MS) - (laboratory testing of grid 
trap ) 
REP INSECT DEVICE DELAY MULTIPLE SENSING LSD 
( % ) 5% 1 % 
1 *  1 *  1 *  1 *  
1 *  2 *  1 *  1 *  
1 *  1 *  1 »  1 *  
1 * 1 * 2 * 1 * 
1* 1* 3* 1 * 
10.289 5.104 6.788 
37.778 
33.333 6.252 8.315 
14.933 
23.833 
1 * 1 * 1 * 1 * 14.600 
1 * 1 * 2 * 1 * 5.800 
1 * 1 * 3 * 1 * 10.467 
1 * 2 * 1 * 1 * 52.067 
1 * 2 * 2 * 1 * 24.067 
1 * 2 * 3 * 1 * 37.200 
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Table 4. (Continued) 
REP INSECT DEVICE DELAY MULTIPLE SENSING LSD 
(%) 5% 1 % 
* 1 * 1 * 1 * 43.667 
* 1 * 1 * 2 * 13.500 
* 1 * 1 * 3 * 14.933 
* 1 * 1 * 1 * 19.867 
* 1 * 1 * 2 * 6.133 
* 1 * 1 * 3 * 4.867 
* 2 * 1 * 1 * 67.467 
* 2 * 1 * 2 * 20.867 
* 2 * 1 * 3 * 25.000 
6.252 8.315 
8.840 11.757 
* 1 * 1 * 1 * 56.600 
* 1 * 1 * 2 * 18.900 
* 1 * 1 * 3 * 24.500 
* 1 * 2 * 1 * 29.200 
* 1 * 2 * 2 * 9.400 
* 1 * 2 * 3 * 6.200 
* 1 * 3 * 1 * 45.200 
* 1 * 3 * 2 * 12.200 
* 1 * 3 * 3 * 14.100 
* 1 * 1 * 1 * 26.600 
* 1 * 1 * 2 * 9.200 
* 1 * 1 * 3 * 8.000 
* 1 * 2 * 1 * 11.800 
* 1 * 2 * 2 * 4.000 
* 1 * 2 * 3 * 1 .600 
* 1 * 3 * 1 * 21.200 
* 1 * 3 * 2 * 5.200 
* 1 * 3 * 3 * 5.000 
* 2 * 1 * 1 * 86.600 
* 2 * 1 * 2 * 28.600 
* 2 * 1 * 3 * 41.000 
* 2 * 2 * 1 * 46.600 
* 2 * 2 * 2 * 14.800 
* 2 * 2 * 3 * 10.800 
* 2 * 3 * 1 * 69.200 
* 2 * 3 * 2 * 19.200 
* 2 * 3 * 3 * 23.200 
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external BCD counter (74390) and counting the signals 
directly by the computer. The grand mean FC error was -1.18% 
and 0.57% for MC error. 
Combining all sources of error, the analysis of variance 
of total error for the electric grid trap (Table 5) indicated 
that the variabilities between insects, devices, delays, and 
interactions of insectxdevice and insectxdelay were 
significant. In the table means of total error for the 
electric grid trap (Table 6), the interaction of 
insectxdevice showed that for ECB, the voltage change device 
resulted in minimum total error (0.27%). The two sound 
devices were not significantly different from each other 
(14.93% for the sound switch and 10.13% for the sound 
tripper). For BCW, the resulting total errors were 
significantly different for all three devices with the 
voltage change device outperforming the two sound devices 
(8.47%, 26.33%, and 46.0% for voltage change, sound tripper, 
and sound switch devices, respectively). There was no 
significant difference in performance of the voltage change 
device when used with ECB and BCW. The sound devices worked 
better with ECB than with BCW. In the interaction of 
insectxdelay, the best time delay for minimum total error was 
1.0 s for both ECB and BCW (5.13% for ECB and 9.0% for BCW). 
The grand mean total error was 17.69%. 
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Table 5. Analysis of variance of total percent counting 
errors - (laboratory testing of grid trap) 
SOURCE DF MEAN SQUARE F-VALUE F-TABULATED 
5% 1% 
Rep 4 672.628 2.17ns 2.50 3.61 
Insect 1 7691.378 24.85** 3.98 7.02 
Device 2 5115.744 16.53** 3.14 4.94 
InsectxDevice 2 1009.878 3.26* 
Delay 2 10444.344 33.74** 
InsectxDelay 2 2672.678 8.63** 
DevicexDelay 4 328.028 1.06ns 2.50 3.61 
InsectxDevicexDelay 4 106.228 0.34ns 
Error 68 309.545 
Table 6. Table of means of total percent counting errors -
(laboratory testing of grid trap) 
REP INSECT DEVICE DELAY TOT COUNT ERROR LSD 
(•/.) 5% 1% 
1 * 1 * 1 * 1 * 8.444 5.244 6.974 
1 * 2 * 1 * 1 * 26.933 
1 * 1 * 1 * 1 * 30.467 6.424 8.544 
1 * 1 * 2 * 1 * 4.367 
1 * 1 * 3 * 1 * 18.233 
1 * 1 * 1 * 1 * 14.933 9.086 12.084 
1 * 1 * 2 * 1 * 0.267 
1 * 1 * 3 * 1 * 10.133 
1 * 2 * 1 * 1 * 46.000 
1 * 2 * 2 * 1 * 8.467 
1 * 2 * 3 * 1 * 26.333 
87 
Table 6. (Continued) 
REP INSECT DEVICE DELAY TOT COUNT ERROR LSD 
(%) 5% 1% 
* 1 * 1 * 1 * 39.233 6.424 
* 1 * 1 * 2 * 7.067 
* 1 * 1 * 3 * 6.767 
* 1 * 1 * 1 * 19.333 9.086 
* 1 * 1 » 2 * 5.133 
* 1 * 1 * 3 * 0.867 
* 2 * 1 * 1 * 59.133 
* 2 * 1 * 2 * 9.000 
* 2 * 1 * 3 * 12.667 
* 1 * 1 * 1 * 52.600 
* 1 * 1 * 2 * 15.900 
* 1 * 1 * 3 * 22.900 
* 1 * 2 * 1 * 27.900 
* 1 * 2 * 2 * -1.100 
* 1 * 2 * 3 * -13.700 
* 1 * 3 * 1 * 37.200 
* 1 * 3 * 2 * 6.400 
* 1 * 3 * 3 * 11.100 
* 1 * 1 * 1 * 27.600 
* 1 * 1 * 2 * 9.200 
* 1 * 1 * 3 * 8.000 
* 1 * 2 * 1 * 10.200 
* 1 * 2 * 2 * 1.000 
* 1 * 2 * 3 * -10.400 
* 1 * 3 * 1 * 20.200 
* 1 * 3 * 2 * 5.200 
* 1 * 3 * 3 * 5.000 
* 2 * 1 * 1 * 77.600 
* 2 * 1 * 2 * 22.600 
* 2 * 1 * 3 * 37.800 
* 2 * 2 * 1 * 45.600 
* 2 * 2 * 2 * -3.200 
* 2 * 2 * 3 * -17.000 
* 2 * 3 * 1 * 54.200 
* 2 * 3 * 2 * 7.600 
* 2 * 3 * 3 * 17.200 
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FJ.e..,Ld lests 
The overnight time distribution of ECB catches in the 
pheromone-baited grid trap indicated wide differences in 
counts between the three sensor devices with the sound switch 
device consistently giving the highest counts and the voltage 
change device the lowest counts (Fig. 33). These sensor 
devices were operated in the same grid trap at the same time 
and should have approximately the same counts. The question, 
at this point, was which one gave a more accurate count? The 
results obtained from the sound-activated tape recorder 
indicated that the voltage change device gave a more 
realistic count of zaps while the two sound devices gave 
higher counts (Fig. 34). The tape recorder revealed the 
presence of background noises such as wind, rain, passing 
vehicles, and sounds from birds and other insects some of 
which were apparently detected by the sound devices. Because 
of the resulting higher counts, the sound sensor devices did 
not prove useful in the field and only the voltage change 
device was further tested. 
In a subsequent analysis, the count obtained from the 
voltage change device was compared with the physical count of 
captured ECB in the trap (Fig. 35). The two counts did not 
compare well because non-target insects entered the trap and 
were counted by the voltage change device along with the ECB 
moths. The trap was operated beginning May 24 when various 
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Figure 33. Overnight time distribution of European corn 
borer catches on the electric grid trap 
(SNDSWTCH= sound switch device, VLTCHNG= voltage 
change device, and SNDTRPPR= sound tripper 
device) 
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I SNDSWTGH 
6 7 
^ SNDTRPPR + VLTCHNG A TPRCRDR 
Figure 34. Comparison of sensor and sound-activated tape 
recorder counts of European corn borer catches 
(SNDSWTCH= sound switch, VLTCHNG= voltage change, 
SNDTRPPR= sound tripper, and TPRCRDR= recorder) 
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Figure 35. Comparison of voltage change device count with 
physical counts of European corn borer and other 
non-target insects 
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other insects were already flying in the field. The voltage 
change device could not distinguish between ECB and non-
target insects. Attempts to restrict the entry of non-target 
insects from the base of the trap by making the base opening 
smaller or adding a screen to prevent the entry of large 
insects merely resulted in also keeping the ECB moths out. 
Fewer problems were encountered with the counting of BCW 
primarily because the trap was operated early in the season 
(April 15-May 15» 1986) when non-target insects were not yet 
flying in the field. 
The analysis of variance of total counting error for the 
voltage change device (Table 7) indicated that the 
variability between insects was significant but the 
variability between delays was not significant. The table of 
means of total counting error for the voltage change device 
(Table 8) showed that the counting error for ECB was 96.0% 
and that for BCW was only 2.8%. The big difference in 
counting performance was mainly due to the entry of non-
target insects during the time when the voltage change device 
was being tested for counting ECB. The voltage change device 
performed well with BCW because of the absence of non-target 
insects. No significant difference was detected between time 
delays because of the large and random counting errors 
resulting from the entry of non-target insects. 
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Table 7. Analysis of variance of percent counting errors -
(field testing of grid trap) 
SOURCE DF MEAN SQUARE F-VALUE F-TABULATED 
5% l'A 
Rep 4 9344.633 1.18ns 2.87 4.43 
Insect 1 65146.800 8.19** 4.35 8.10 
Delay 2 6187.600 0.78ns 3.49 5.85 
InsectxDelay 2 2814.400 0.35ns 
Error 20 7950.193 
Table 8. Table of means of percent counting errors -
(field testing of grid trap) 
REP INSECT DELAY COUNTING ERROR LSD 
(%) 5% 1% 
1 * 1 * 1 * 96 .000 48.02 65.50 
1 * 2 * 1 * 2 .800 
1 * 1 * 1 * 20 .800 
1 * 1 * 2 * 66 .000 
1 * 1 * 3 * 61 .400 
1 * 1 * 1 * 49 .400 
1 * 1 * 2 » 127 .800 
1 * 1 * 3 * 110 .800 
1 * 2 * 1 * -7 .800 
1 * 2 * 2 * 4 .200 
1 * 2 * 3 * 12 .000 
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Cone Trap 
Laboratory tests 
The accuracy of counting was affected only by multiple 
sensing of an insect (MS). Failure to sense (FS) an insect 
was not experienced because both insects (ECB and BCW) were 
wide enough to block the light sensors and moved slowly 
through the plastic tube in comparison with the fast 
switching speed <8 Ms rise time and 6 Ms fall time) of the 
silicon phototransistor (T1L414). Failure to count (FC) and 
multiple counting (MC) were disregarded because from 
experience they did not result in any major counting errors. 
The analysis of variance of counting error for the cone trap 
(Table 9) indicated that the variabilities between insects 
and time delays were significant but the variability between 
tubes was not significant. The table of means of counting 
error for the cone trap (Table 10) showed that BCW resulted 
in a higher counting error (61.44%) compared with ECB 
(43.84%). The height of the tube through which the insect 
passed did not change the counting errors for either insect 
(50.82% for the long tube and 54.46% for the short tube). 
Preliminary tests using wider tubes indicated higher counting 
errors and was discontinued. The best time delay for optimum 
counting error was obtained at 1.0 s (27.15%). The grand 
mean counting error was 52.64%. 
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Table 9. Analysis of variance of percent counting errors -
(laboratory testing of cone trap) 
SOURCE DF MEAN SQUARE F-VALUE F-TABULATED 
5% IV. 
Rep 4 401.910 0.45ns 2.49 3.58 
Insect 1 7744.000 8.70** 3.97 6.98 
Tube 1 331.240 0.37ns 
InsectxTube 1 158.760 0.18ns 
Delay 4 68098.935 76.53** 2.49 3.58 
InsectxDelay 4 101.275 0.11ns 
TubexDelay 4 726.815 0.82ns 
InsectxTubexDelay 4 1939.635 2.18ns 
Error 76 889.878 
Table 10. Table of means of percent counting errors -
(laboratory testing of cone trap) 
REP INSECT TUBE DELAY COUNTING ERROR LSD 
(%) 5% 1 % 
1 * 1 * 1 * 1 * 43.840 8.44 11.22 
1 * 2 * 1 * 1 » 61.440 
1 * 1 * 1 * 1 * 50.820 
1 * 1 * 2 * 1 * 54.460 
1 * 1 * 1 * 1 * 40.760 
1 * 1 * 2 * 1 * 46.920 
1 * 2 * 1 * 1 * 60.880 
1 * 2 * 2 * 1 * 62.000 
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Table 10. (Continued) 
REP INSECT TUBE DELAY COUNTING ERROR LSD 
(%) 5% 1% 
1 * 1 * 1 * 1 * 155.600 13.34 17.74 
1 * 1 * 1 * 2 * 42.200 
1 * 1 * 1 * 3 * 27.150 
1 * 1 * 1 * 4 * 21.750 
1 * 1 * 1 * 5 * 16.500 
1 * 1 * 1 * 1 * 144.400 
1 * 1 * 1 * 2 * 34.300 
1 * 1 * 1 * 3 * 17.000 
1 * 1 * 1 * 4 * 12.400 
1 * 1 * 1 * 5 11.100 
1 * 2 * 1 * 1 * 166.800 
1 * 2 * 1 * 2 * 50.100 
1 * 2 * 1 * 3 * 37.300 
1 * 2 * 1 * 4 * 31.100 
1 * 2 * 1 * 5 * 21.900 
1 .* 1 * 1 * 1 * 143.800 
1 * 1 * 1 * 2 * 40.400 
1 * 1 * 1 * 3 * 30.300 
1 * 1 * 1 * 4 * 24.500 
1 * 1 * 1 * 5 * 15.100 
1 * 1 * 2 * 1 * 167.400 
1 * 1 * 2 * 2 * 44.000 
1 * 1 * 2 * 3 * 24.000 
1 * 1 * 2 * 4 * 19.000 
1 * 1 * 2 * 5 * 17.900 
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Table 10. (Continued) 
REP INSECT TUBE DELAY COUNTING ERROR LSD 
(%) 5% 1 % 
* 1 * 1 * 1 * 147.200 
* 1 * 1 * 2 * 20.400 
* 1 * 1 * 3 * 14.600 
* 1 * 1 * 4 * 13.200 
* 1 * • 1 * 5 * 0.400 
* 1 * 2 * 1 * 141.600 
* 1 * 2 * 2 * 48.200 
* 1 * 2 * 3 * 19.400 
* 1 * 2 * 4 * 11.600 
* 1 * 2 * 5 * 13.800 
* 2 * 1 * 1 * 140.400 
* 2 * 1 * 2 * 60.400 
* 2 * 1 * 3 * 46.000 
* 2 * 1 * 4 * 35.800 
* 2 * 1 * 5 * 21.800 
* 2 * 2 * 1 * 193.200 
* 2 * 2 * 2 * 39.800 
* 2 * 2 * 3 * 28.600 
* 2 * 2 * 4 * 26.400 
* 2 * 2 * 5 * 22.000 
Field tests 
As with the grid trap, the accuracy of counting was 
greatly affected by the presence of non-target insects in the 
cone trap and the inability of the light sensors to 
distinguish between ECB and non-target insects. Attempts to 
restrict the entry of non-target insects also kept the ECB 
moths from entering the trap. 
Since the height of the tube did not result in any 
significant difference in counting error in the laboratory, 
only the short tube was arbitrarily used in the field test. 
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The analysis of variance of counting error for the field 
testing of the cone trap (Table 11) indicated that the 
variability between insects was significant but the 
variabilities between delays and interaction of insectxdelay 
were not significant. The table of means of counting error 
for the field testing of the cone trap (Table 12) showed that 
ECB resulted in a higher counting error (94.94%) than BCW 
(42.38%). The increase in counting error with ECB was due to 
the entry of non-target insects into the cone trap during the 
tests. No significant difference in counting error was 
detected between time delays because of the large and random 
counting errors resulting from the entry of non-target 
insects. 
Table 11. Analysis of variance of percent counting errors -
(field testing of cone trap) 
SOURCE DF MEAN SQUARE F-VALUE F-TABULATED 
5% 1% 
Insect 
Delay 
Rep 3 3529.198 0.85ns 
1 22102.531 5.35* 
3 2431.198 0.59ns 
3 3015.615 0.73ns 
21 4131.174 
3.07 4.87 
4.32 8.02 
3.07 4.87 
InsectxDelay 
Error 
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Table 12. Table of means of percent counting errors - (fiel 
testing i of cone trap ) 
REP INSECT DELAY COUNTING ERROR LSD 
( % )  5% 1 % 
1 * 1 * 1 * 94.938 33.42 45.49 
1 * 2 * 1 * 42.375 
1 * 1 * 1 * 82.125 
1 * 1 * 2 * 76.375 
1 * 1 * 3 * 43.125 
1 * 1 * 4 * 73.000 
1 * 1 * 1 * 98.750 
1 * 1 * 2 * 99.250 
1 * 1 * 3 * 54.250 
1 * 1 * 4 * 127.500 
1 * 2 * 1 * 65.500 
1 * 2 * 2 * 53.500 
1 * 2 * 3 * 32.000 
1 * 2 * 4 * 18.500 
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PART II. DEVELOPMENT OF MICROCOMPUTER-INTERFACED FLIGHT MILL 
SYSTEM FOR THE LABORATORY STUDY OF FLIGHT BEHAVIOR 
OF LARGE INSECTS SUCH AS THE BLACK CUTWORM 
101 
INTRODUCTION 
The measurement of insect flight behavior in the 
laboratory has generated considerable information on the 
diverse aspects of insect biology including migration, 
mating, feeding, disease transmission, and control. Various 
devices and techniques have been developed in attempts to 
study specific aspects of insect flight. Kennedy (1939) and 
Miller and Roelofs (1978) used wind tunnels to measure flight 
speeds and insect response to pheromones. Chadwick (1939), 
Reed et al. (1942), Williams and Chadwick (1943), and 
Soltavalta (1947) used stroboscopic techniques to measure 
wing-beat frequency, theoretically, a function of flight 
ability. Faust (1952) used photographic techniques to study 
such aspects of insect flight as attitude, aerodynamic drag, 
and wing-beat form. However, wind tunnels, stroboscopic and 
photographic techniques cannot be used to measure flight 
endurance and distance. Krogh and Weis-Fogh (1952), Hocking 
(1953), Chapman (1954), Clements (1955), Atkins (1961), and 
Rowley et al. (1968) used flight mills to determine flight 
capabilities of various insects. Flight mills can measure 
distance flown, flight duration, speed, and energy 
utilization during flight. The success of studies utilizing 
flight mills suggests that, if properly designed and 
controlled, they are useful laboratory tools for estimating 
important parameters of insect flight. The main disadvantage 
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of flight mills was the cumbersome and time consuming means 
of processing data. However, interfacing flight mills with a 
computer had greatly simplified data acquisition and reduced 
processing time. 
Most existing flight mill systems have been developed 
for mosquitoes and other small insects (Hocking, 1953; 
Chapman, 1954; Clements, 1955; Atkins, 1961; and Rowley et 
al., 1968). Modifications in hardware design and insect 
attachment procedure were required before a flight mill 
system could be used for an insect as large, heavy, and 
strong as the Black cutworm, Aarotis iosiIon (Hufnagel). 
This study describes a computer-interfaced flight mill system 
designed for use with large moths. 
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OBJECTIVES 
1. To develop a flight mill system incorporating the 
following features: 
A. computer interfacing, 
B. low frictional drag, 
C. capacity to support flight of large moths, 
D. convenient and adjustable attachment procedure. 
2. To compare flight performance of moths mounted on 1-m and 
2-m circumference flight mills. 
3. To compare flight performance of moths attached to semi­
rigid and rigid tethers. 
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MATERIALS AND METHODS 
Flight Mill Construction 
Two sizes of the flight mill were designed and tested. 
One had a flight mill arm that traversed a 1-m circumference 
and the other had an arm that traversed a 2-m circumference. 
Each flight mill consisted of an arm to which the insect was 
attached and a stand that provided support and allowed 
rotation of the arm about an axis. Specifications for the 
1-m circumference flight mill are given in Fig. 36. The arm 
was cut from lightweight, 22 ga aluminum. Two fine-pointed, 
1-mm-dia, 8-mm-long, stainless-steel pivots (part number RB-
44013, Bird Precision, One Spruce Street, P.O. BOX 569, 
Waltham, MA 02254) housed in brass hubs were mounted at the 
gravitational center of the arm. These pivots attached the 
arm to the stand and maintained arm rotation about a vertical 
axis. The tip of the arm was bent tangent to the circle of 
rotation for proper orientation of the moth. 
The stand was cut from 25.4-mm-thick aluminum plate. 
Two precision-engineered sapphire jewel bearings (part number 
RB-82154, Bird Precision, One Spruce Street. P.O. Box 569, 
Waltham, MA 02254) seated on brass housings were mounted at 
the "mouth" of the stand. Specifications of the jewel 
bearings were given by Rowley et al. (1968). The pivots of 
the arm rotated on these bearings for minimum drag and 
control of direction of flight of a tethered moth. The upper 
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Figure 36. Illustration and specifications of flight mill 
stand and arm 
106 
bearing was fixed while the lower one was movable vertically 
through a spring-loaded mechanism (Fig. 37). This 
arrangement provided convenient mounting and dismounting of 
the arm from the stand. 
Sensor Interface 
The sensor interface is shown in Fig. 38. The sensors 
consisted of a gallium aluminum arsenide super-high output 
infrared emitting diode (XC-880-A) and an NPN silicon 
phototransistor (TIL414). The diode produced non-coherent 
infrared (IR) energy at 880 nm. Other electrical 
characteristics were: 1 mW radiant power output, 1.3 V 
forward voltage, 20 mA forward current, and 24° dispersion 
angle. The phototransistor provided high speed and high 
photosensitivity suitable for IR switching applications. 
Typical electrical characteristics were: 25 nA dark current 
7 mA light current, 0.4 V collector-emitter saturation 
voltage, 8 Ms rise time and 6 Ms fall time. 
The diode emitted IR beam directed to the 
phototransistor. During operation, the flight mill arm 
passed between the sensors and interrupted the beam twice pe 
rotation. Each interruption of the beam produced a voltage 
change in the sensor circuit and indicated that the arm had 
moved half a rotation. One rotation of the arm of the 
smaller flight mill equaled 1 m of flight and 2 m for the 
bigger mill. 
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Figure 37. Spring-loaded mechanism for convenient mounting 
and dismounting of the flight mill arm 
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Figure 38. Schematic of the flight mill infrared sensor 
i nter t ace 
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The phototransistor functioned as a switch that was 
turned on when the IR beam from the diode shone on it and 
turned off when an arm blocked the IR beam. When the 
phototransistor was off, the voltage at junction X was high 
allowing transistor Q1 to switch on and complete the input 
circuit of the optical isolator (3040). The output of the 
optical isolator, normally held at 5 V, grounded the input of 
the Schmitt trigger (7414) through the 2.2 kO resistor. The 
output of the trigger inverted the signal (high) and was fed 
to the input of the binary coded decimal (BCD) counter 
(74390). The BCD counter was negative-edge triggered and did 
not count until the input signal returned to low. The output 
of the BCD counter consisted of 8 lines and was connected to 
the 8 input lines of the latch (8414). The 8 output lines of 
the latch were, in turn, connected to the 8 data lines of 
user port A of the microcomputer. Two control lines from the 
8 data lines of user port B were connected to the BCD counter 
to reset it and to the latch to enable it. 
The optical isolator provided separation of the sensor 
circuit from the digital input circuit of the microcomputer. 
The isolation minimized the transfer of electrical noise from 
the sensor circuit to the microcomputer. 
The Schmitt trigger converted the analog signal from the 
sensor circuit to digital bits before being fed to the BCD 
counter. 
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The latch was added to the circuit to connect several 
flight mills (3 for the Rockwell AIM65 microcomputer) to a 
single microcomputer. 
Microcomputer 
Each flight mill was connected to a Rockwell AIM65 
microcomputer via the sensor interface box (Fig. 39). The 
AIM65 was built based on an 8-bit microprocessor (6502) that 
operated at 1 MHz providing a minimum instruction execution 
time of 2 Ms. Hardware included a 1-line by 20-column 
alphanumeric display, full size 54-key keyboard, 20-column 
thermal printer, dual audio cassette interface, teletype 
interface, serial input/output lines, two parallel 8-bit bi­
directional input/output ports (ports A and B), four control 
lines (CAl, CAE, CBl, and CB2), and two timers (T1 and T2). 
It had 8K bytes of monitor program ROM, 4K bytes of assembler 
ROM, 4K bytes of BASIC ROM, and 4K bytes of user RAM 
(Rockwell International, 1979). 
Ports A and B were designated as input and output ports, 
respectively. The computer read information from the sensor 
interface through port A and sent instructions to the sensor 
interface through port B. Timer T1 was set to make timer 
interrupts every 0.05 s used in the program to keep time. A 
computer cassette recorder (Radioshack model CCR-81) was used 
to store programs during software development and load 
programs to the computer. Data generated by the computer 
Ill 
Figure 39. Rockwell AIM65 microcomputer, tape recorder, and 
interface box 
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were printed on the thermal printer. 
The program was written in assembly language for the 
following reasons: 1) limited RAM available on board, 2) 
convenience to test and debug programs, and 3) faster program 
execution than higher level language such as BASIC (Choi, 
1984). It consisted of the READ program (Fig. 40) and the 
TIMER subroutine (Fig. 41). The READ program monitored the 
contents of the external BCD counter through port A. In the 
case of the 1-m circumference flight mill, each time the BCD 
counter counted 2 indicated that the moth had flown 1 m (1 
rotation) and the various counters in the program were 
incremented by 1. The BCD counter was then reset to start a 
new count. For the 2-m circumference flight mill, a BCD 
counter count of 1 equaled 1 m flight. The TIMER subroutine 
kept track of the flying and resting times, and controlled 
the printer. 
Tethering Moths 
A restraining device (Fig. 42) aided the tethering of 
active moths. The device consisted of three plates made from 
6.4 mm thick plexiglas. The holes (6.4 mm dia) in the front 
of the plate restrained the wings and legs of the moths, the 
grooves (3.2 mm rad) in the middle plate served as beds and 
exposed the dorsa of the thoraces, and the holes (4.0 mm dia 
by 1.6 mm deep) in the rear plate held the heads. 
The insects were harnessed to the flight mill arm by 
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Figure 40. Flow chart for flight mill READ program 
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Figure 41. Flow chart for flight mill TIMER subroutine 
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Figure 42. Restraining device for holding six moths, fine 
paint brush (0), microspatulaj and tube of glue 
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means of tethers made of silicone discs attached to 
monofilament fishing lines. The silicone disc was 2.0 mm in 
dia by 1.6 mm thick with a concave bottom surface and the 
monofilament line was cut from 2.7-kg test monofilament 
fishing line (Fig. 43). Two types of tethers were designed 
and tested. One type (hereafter referred to as semi-rigid 
tether) consisted of a silicone disc attached to a bare 
monofilament fishing line (Lewis and Keaster 1986). The 
second type (hereafter referred to as rigid tether) was a 
semi-rigid tether with the addition of a plastic tube. The 
monofilament line was inserted into a plastic tube obtained 
from the insulation of a 20 ga solid copper wire for greater 
support and rigidity. The tethers were formed using a teflon 
mold illustrated in Fig. 44. 
An active moth was held by its wings and carefully 
inserted into one of the holes of the restraining device. 
When properly inserted, the dorsum of the thorax was exposed 
and the moth was ready to be tethered. With the use of a 
fine paint brush (No. 0), setae on the thorax were removed to 
expose the sclerite. A small bead of glue (Duro Quick Gel, 
No-Run Super Glue) was applied to the concave surface of the 
silicone disc, and the disc was pressed against the sclerite 
with the tip of a microspatula for about 1 min until the glue 
was dry. The monofilament line attached to the disc was 
aligned between and above the wings of the moth. 
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Figure 43. Tethers: silicone disc attached to a 
monofilament line (middle), a semi-rigid tether 
with short plastic tube (bottom), and a long 
plastic tube to make a rigid tether (top) 
l i a  
A# 
Figure 44. Mass production of tethers using the teflon mold 
(bottom), tube of silicone caulk (top left), reel 
of monofilament fishing line (top right), syringe 
to dispense the caulk (center left), and 
completed silicone disc tethers (center right) 
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In case of the semi-rigid tether, it was attached to the 
tip of the flight mill arm by means of a short plastic tube 
(6.4 mm long). The free end of the monofilament line was 
inserted and glued to one end of the plastic tube. The tip 
of the flight mill arm was then inserted into the other end 
making sure that the moth was in a horizontal orientation. 
Adjustments in insect orientation was accomplished by 
reinserting the arm tip to the plastic tube (Fig. 45). 
For the rigid tether, the entire length of the 
monofilament line was inserted into a long plastic tube (25.4 
mm). One end of the plastic tube was glued to the silicone 
disc and the other end was inserted into the tip of the 
flight mill arm making sure moth was horizontal (Fig. 46). 
As before, adjustments in insect orientation was accomplished 
by reinserting the arm tip to the plastic tube. 
Experiment 
A 2X2 factorial experiment in randomized complete block 
design was conducted. The first factor was flight mill size 
with 1-m and 2-m circumference mills as levels. The second 
factor was tether type with rigid and semi-rigid tethers as 
levels. There were 4 treatments with 13 replications. The 
effects of mill size and tether type on flight performance of 
the moths were determined from the analysis of variance. 
The flight parameters measured were: 
1. distance flown, km 
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Figure 45. Black cutworm moth secured to the tip of the 
flight mill arm by a semi-rigid tether 
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Figure 46. Black cutworm moth secured to the tip of the 
flight mill arm by a rigid tether 
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2. flying time, min 
3. velocity, km/h 
4. resting time, min 
5. number of flights. 
Number of flights indicated the number of times the moth 
went through the cycle of flying and resting. The flight 
test was terminated when the moth rested continuously for 5 
hr . 
The flight experiments were conducted from October 16, 
1986 to December 19, 1986. 
Insects Used 
Moths used in the experiment were laboratory-reared male 
Black cutworms (BCW), Aarot is iosilon (Hufnagel). BCW had a 
thorax width of 6.2 mm, body length of 20.2 mm, and wingspan 
of 44.4 mm. The moths were obtained from the 1985 colony 
maintained at the Corn Insects Research Laboratory, Iowa 
State University Research Farm, Ankeny, IA 50021. The moths 
used in any particular day emerged the night before and were 
placed in a feeding cage for about 7 h before they were flown 
in a walk-in incubator maintained at 80° F and 80% RH. 
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RESULTS AND DISCUSSION 
Flight Mill Design 
The flight mill arm rotated about two pivots and 
bearings that completely supported the arm in a horizontal 
position and effectively maintained rotation about a vertical 
axis. The only friction as the arm rotated came from the 
contact of the points of the pivots with the bearings. This 
arrangement accounted for minimum frictional drag and allowed 
the tethered moths to fly only along a horizontal plane. The 
flight mill arm with the single pivot described by Hocking 
(1953), Clements (1955), Atkins (1961), and Rowley et al. 
(1968) cannot accommodate insects as large as the black 
cutworm. The force exerted by the large moth during flight 
is sufficient to tilt the arm up and down causing the pivot 
to touch the inside of the bearing holder increasing 
frictional drag. There is also the possibiltity of unseating 
the pivots resulting from the centrifugal force generated 
when a large moth is rotating at high speed. 
Insect Attachment Procedure 
The restraining device provided a simple but effective 
method of keeping an active moth immobile during tethering. 
A moth, once inserted into a restraining hole, cannot be 
pulled back out and reinserted without injury to its legs and 
wings. Chilling the insect, a common method of anesthesia 
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was not effective because the cold temperature reduced the 
ability of the glue to.form and bond. Chilling the insect 
caused the sclerite to become moist and resulted in the glue 
slipping off. 
Super glue effectively attached the silicone disc to the 
thorax of the moth. It has the strength and adhesive 
characteristics required to hold large moths. The dab of 
enamel paint used by Kennedy (1939) and the low melt wax used 
by Hocking (1953), Clements (1955), Atkins (1961), and Rowley 
et al. (1968) to attach mosquitoes and other small insects 
were not strong enough to hold large insects. 
The concave surface of the silicone disc approximated 
the convex shape of the thorax and created a greater contact 
area between the two surfaces. When the silicone disc (with ' 
glue) was pressed against the thorax, a thin film of glue was 
formed between the surfaces that dried rapidly and produced a 
strong bond. 
Attaching a monofilament fishing line to the silicone 
disc provided a limited amount of flexibility that allowed 
the tethered moth to support its own weight and adjust to its 
normal orientation during flight. However, reinforcing the 
monofilament fishing line with a plastic tube gave rigidity 
and fixed the orientation of the tethered moth during flight. 
Use of the plastic tube for both types of tethers allowed 
adjustments of the orientation of the tethered moth by merely 
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reinserting the tube to the flight mill arm tip. If 
orientation was such that the angle of flight differed from 
the normal flight attitude, a considerable amount of flight 
energy was wasted in an attempt to correct the orientation 
(Rowley et al. 1968). Performance under this condition did 
not reflect a true estimate of the flight potential of the 
moth on test and data collected had little value. 
Microcomputer Interface 
Experiments with flight mills involve the acquisition 
and processing of a large number of observations to establish 
statistically valid trends. The event recorders previously 
used with flight mills generated long lengths of chart paper 
(Clark et al., 1984). For example, 8 cm of recording paper 
represented 1 min of flight. Therefore, a test flight of 17 
h (3 pm to 8 am) generated 81.6 m of recording paper. 
However, interfacing the flight mill with a computer greatly 
simplified data acquisition and reduced processing time. The 
sample printout (Fig. 47) of the AIM65 microcomputer recorded 
all the basic information of a test flight in a very short 
length of printer paper. The computer printout had four 
columns: 1) flight number (##), 2) flying time (FLYT) in 
min, 3) resting time (REST) in min, and 4) flying distance 
(FLIGHT) in m. The velocity was obtained from FLYT and 
FLIGHT corresponding to a specific flight number. The totals 
at the bottom of the printout were printed during a manual 
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ROCKWELL AIM 65 
FLIGHT MILL 
MILL #: 04 
DATE : 11/18 
TIME : 13:30 
## FLYT REST FLIGHT 
01 0819 065.792 
0006 
02 0002 000048 
0001 
03 0008 000146 
0001 
04 0008 000206 
0003 
05 0005 000121 
0001 
06 0007 000152 
0002 
07 0002 000008 
0005 
08 0002 000062 
0072 
09 0001 000011 
0033 
10 0001 000037 
0300 
TOT :0855 0124 066583 
Figure 47. Example of flight mill computer printout showing 
flight number (##), flying time (FLYT) in min, 
resting time (REST) in min, and distance flown 
(FLIGHT) in meters 
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termination of the test flight by pressing the F2 function 
key of the computer or during an automatic termination after 
300 min (5 h) of no insect activity. 
Flight Test Results 
Results of the flight tests based on the analysis of 
variance indicated that the 2-m circumference flight mill 
significantly improved the distance flown (Table 13) and 
flight velocity (Table 14) but failed to show significant 
change in flying time (Table 15), and resting time (Table 
16). With the 2-m circumference flight mill, the distance 
flown increased from 9.22 km at a velocity of 2.13 km/h to 
21.83 km at 3.46 km/h (Table 17). The longest distance flown 
recorded was 66.58 km, the best velocity was 6.68 km/h, the 
longest flying time was 895 min (14.92 h), and longest flight 
test was 1,279 min (21.32 h). 
Krogh and Weis-Fogh (1952) stated that proper 
aerodynamic conditions for flight can be obtained by 
attaching the animals to a revolving ring provided the ring 
was made so large that the angular velocity was kept small. 
During flight tests, it was observed that moths mounted on 
the 1-m circumference flight mill rotated the arm so fast 
that, apparently, the angular velocity became the limiting 
factor and not the linear velocity. With the 2-m 
circumference flight mill, the angular velocity was reduced 
to half and the linear velocity became the limiting factor. 
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Table 13. Analysis of variance for distance flown 
CODE SOURCE DF SQUARES SQUARE F-VALUE 5% l'A 
1 Rep 12 1512.66 126.055 1.02ns 2.03 2.72 
2 Mill 1 2066.15 2066.149 16.74** 4.11 7.39 
4 Tether 1 89.34 89.342 0.72ns 
6 MillxTether 1 139.92 139.925 1.13ns 
7 Error 36 4444.43 123.456 
Table 14. Analysis of variance for flight velocity 
SUM OF MEAN F-TABLE 
CODE SOURCE DF SQUARES SQUARE F-VALUE 5% 1% 
1 Rep 12 7.60 0.633 0.83ns 2.03 2.72 
2 Mill 1 . 23.14 23.142 30.20** 4.11 7.39 
4 Tether 1 1.55 1.547 2.02ns 
6 MillxTether 1 0.38 0.384 0.50ns 
7 Error 36 27.59 0.766 
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Table 15. Analysis of variance for flying time 
SUM OF MEAN F-TABULAR 
CODE SOURCE DF SQUARES SQUARE F-VALUE 5% 1% 
1 Rep 12 
2 Mill 1 
4 Tether 1 
6 MillxTether 1 
7 Error 36 
463722.69 38643.56 
135660.31 135660.31 
4655.08 4655.08 
8175.08 8175. 
1561628.54 43378.57 
0.89ns 2.03 2.72 
3.13ns 4.11 7.39 
0.1 Ins 
0.19ns 
Table 16. Analysis of variance for resting time 
SUM OF MEAN F-TABULAR 
CODE SOURCE DF SQUARES SQUARE F-VALUE 5% 1% 
1 Rep 12 
2 Mill 1 
4 Tether 1 
6 MillxTether 1 
7 Error 36 
463722.69 38643.55 
135660^31 135660.31 
4655.08 4655.08 
8175.08 8175.08 
1561628.54 43378.57 
0.89ns 2.03 2.72 
3.13ns 4.11 7.39 
0.1 Ins 
0.19ns 
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Table 17. Table of means for flight performance 
TREATMENTS DISTANCE VELOCITY FLYTIME RESTIME NO. OF 
(km) <kph) (min) <min) FLIGHTS 
MILLl 9.219 2.127 277.000 66.923 4.885 
MILLS 21.826 3.461 379.154 77.692 4.731 
TETHERl 14.212 2.621 337.538 50.077 4.192 
TETHER2 16.833 2.966 318.615 94.538 5.423 
MILLlxTETHERl 9.548 2.040 299.000 59.308 4.308 
MILLlxTETHER2 8.889 2.213 255.000 74.538 5.462 
MILL2xTETHERl 18.875 3.202 376.077 40.846 4.077 
MILL2xTETHER2 24.777 3.719 382.231 114.538 5.385 
Table 18. Analysis of variance for number of flights 
SUM OF MEAN F-TABULAR 
CODE SOURCE DF SQUARES SQUARE F-VALUE 5% l'A 
1 Rep 12 150.08 12.506 1.12ns 2.03 2.72 
2 Mill 1 0.31 0.308 0.03ns 4.11 7.39 
4 Tether 1 19.69 19.692 1.76ns 
6 MillxTether 1 0.08 0.077 0.01ns 
7 Error 36 401.92 11.165 
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Further, with the 1-m circumference flight mill the moth was 
constrained to fly in a curved path with a short radius of 
curvature. Almost always, the moth turned its head out of 
the curved path and curled its abdomen down as if, 
desperately, trying to attain a straight path. Additional 
energy was utilized in assuming this unnatural flying 
attitude; energy that should have been channeled to flying. 
This unnatural flying attitude was seldom observed on the 2-m 
circumference flight mill. 
As indicated by the analysis of variance, the tethers 
used (rigid and semi-rigid) did not result in any significant 
change in flight performance (Tables 13, 14, 15, and 16). 
The semi-rigid tether provided a limited amount of 
flexibility so that the moth supported its own weight and 
adjusted to its normal posture during flight. The moth could 
easily adjust its flight attitude to a 5-10° tilt (Krogh and 
Weis-Fogh, 1952) or maintain a completely horizontal posture 
(Rowley et al., 1968). The rigid tether was fixed to a 
horizontal posture (as near horizontal as can be judged by 
the naked eye). The fact that no significant difference in 
performance was detected suggested that the moth was quite 
comfortable with the horizontal posture. However, the 
possibility of the moth adjusting its own posture and the 
elimination of the long plastic tube for less weight and drag 
makes the semi-rigid tether a better choice. Although not 
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significant, there was a slight increase in distance flown 
and velocity for the semi-rigid tether (Table 17). 
Moths did not always fly continuously for the duration 
of the flight tests. Most often, the flights were 
interrupted by brief periods of rest. These flights 
interrupted by periods of rest were identified by flight 
numbers and the performance of the moths was broken down by 
flight number. There was no significant change in the number 
of flights between treatments, mills, or tethers (Table 18). 
The average number of flights was about 5. The distance 
flown was highest during the first flight covering about 50% 
of the total distance and abruptly dropped in succeeding 
flights (Fig. 48). Even the velocity was highest during the 
initial flight and dropped in succeeding flights (Fig. 49). 
The 2-m circumference flight mill resulted in a higher 
percentage of distance flown (Fig. 50) at a higher velocity 
(Fig. 51) during the first flight. The semi-rigid tether 
indicated a lower percentage of distance flown (Fig. 52) but 
a higher velocity (Fig. 53) during the first flight. The 
moths mounted on the 2-m circumference flight mill and 
attached by a semi-rigid tether were most active by having 
consistently higher velocities in all flights during the 
tests (Fig. 54). 
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Use of the Flight Mill 
Rowley et al. (1968) stated that it is difficult to 
measure the aerodynamic forces acting on a flying insect or 
its efficiency during flight. The aerodynamic and energetic 
aspects of insect flight are intriguing basic problems. In 
the absence of a better method for studying flight potential 
or performance of insects, an efficient flight mill system 
can be utilized as an effective laboratory tool to estimate 
and compare many unmeasurable parameters of insect flight. 
However, care must be exercised not to confuse flight 
capabilities and performance on a flight mill as being equal 
to the insects' flight behavior in the field. Information 
obtained may be used to support field observations and both 
can be used to estimate the flight behavior of insects in 
their natural habitat. 
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FUOHT NUMBER 
Figure 48. Distance flown of laboratory-reared male black 
cutworms as a function of flight number (average 
of mills and tethers) 
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Figure 49. Velocity of laboratory-reared male black cutworms 
as a function of flight number (averege of mills 
and tethers) 
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FUGHT NUMBER 
Figure 50. Distance flown of laboratory-reared male black 
cutworms as a function of flight number for the 
two sizes of flight mills (average of tethers) 
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Figure 51. Velocity of laboratory-reared male black cutworms 
as a function of flight number for the two sizes 
of flight mills (average of tethers) 
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FUOHT NUMBER 
+ Mml-rigfd tether 
Figure 52. Distance flown of laboratory-reared male black 
cutworms as a function of flight number for the 
two types of tethers (average of mills) 
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FUGHT NUMBER 
• rigid tethor + aemF—riflJd tether 
Figure 53. Velocity of laboratory-reared male black cutworms 
as a function of flight number for the two types 
of tethers (average of mills) 
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Figure 54. Velocity of laboratory-reared male black cutworms 
as a function of flight number 
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SUMMARY 
Two insect traps (pheromone-baited cylindrical electric 
grid trap and Texas pheromone cone trap) and a flight mill 
were interfaced with the Rockwell AIM65 microcomputer for 
field monitoring and laboratory study of insect flight 
behavior (European corn borer and black cutworm). The grid 
trap had an input of 120 V and output of 5,000 V at 9 mA 
short circuit current. The original specifications of the 
grid <5,000 V at 9 mA) performed well with the smaller ECB 
but had to be modified (5,000 V at 18 mA) by adding 
capacitors parallel with the grid transformer when used with 
the larger BCW to avoid clogging of the grids. This 
modification exceeded the current limit (15 mA) set for human 
safety but the grid was enclosed by a copper wire screen cone 
that provided additional protection against accidental 
electrocution. 
Three sensor devices were tested on the grid trap. One 
(voltage change device) detected voltage changes in the grid 
circuit when insects were being zapped. The other two (sound 
switch and sound tripper devices) were actuated by the 
zapping sound. The duration of the zaps varied according to 
the orientation of the insects in the grid. Moreover, zaps 
were either continuous or discontinuous. The major counting 
error (24.03%) was from multiple sensing of an insect because 
of discontinuous zaps. Providing time delays helped 
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integrate the discontinuous zaps into continuous ones. The 
three sensor devices counted reasonably well in the 
laboratory with a total counting error of 17.69%. However, 
only the voltage change device proved usable in the field 
because the sound devices detected environmental noises that 
resulted in unrealistically high counts. 
The cone trap and the flight mill were equipped with 
infrared sensor devices consisting of the infrared emitting 
diodes and silicon phototransistors. The diode produced a 
noncoherent infrared beam directed to the phototransistor. 
An insect interrupting the beam produced a voltage change in 
the sensor circuit that signaled insect activity. In the 
case of the cone trap, the only source of counting error 
(52.64%) was multiple sensing of an insect because of the 
rapid switching of the sensors compared to the movement of 
the insect. Providing time delays allowed the insect to move 
away from the sensors with a minimum of multiple sensing. 
Field tests with ECB gave counting errors of 96.0% and 
94.94% for the grid and cone traps, respectively. The 
counting accuracy was adversely affected by the entry of non-
target insects that were present in the field at the time of 
tests. The sensor devices could not distinguish between 
target and non-target insects. Efforts to restrict the entry 
of non-target insects into the traps merely resulted in 
keeping the target insects out. 
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Field tests with BCW gave counting errors of 2.8% and 
42.38% for the grid and cone traps, respectively. The 
improved performance of the traps was attributed to the 
absence of non-target insects in the field at the time of 
tests. 
The flight mill consisted of an arm to which an insect 
was attached and a stand that provided support and allowed 
rotation of the arm about an axis. The arm had two fine-
pointed pivots mounted at its gravitational center that 
corresponded to two sapphire jewel bearings located at the 
stand. This arrangement provided minimum frictional drag and 
allowed the tethered moth to fly only along a horizontal 
plane. Two sizes of the flight mills were constructed and 
tested; one had an arm that traversed a 1-m circumference and 
the other a 2-m circumference. The 2-m circumference flight 
mill was significantly better than the 1-m circumference 
flight mill. The performance of insects on the flight mill 
was increased from 9.22 km at 2.13 km/h to 21.83 km at 3.46 
km/h. This improvement was attributed to the lower angular 
velocity and longer radius of curvature of the 2-m 
circumference flight mill. 
A restraining device was designed which provided a 
simple but effective method of keeping an active moth 
immobile during tethering. The device consisted of three 
plates made from plexiglas. The holes in the front plate 
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restrained the wings and legs of the moths, the grooves in 
the middle plate served as beds and exposed the dorsa of the 
thoraxes, and the holes in the rear plate held the heads. 
Two types of tethers were designed and tested. One type 
(semi-rigid tether) consisted of a silicone disc attached to 
a monofilament fishing line. The monofilament line provided 
a limited amount of flexibility to enable the moth to support 
its own weight and to adjust to its normal flying posture 
during flight. The second type (rigid tether) was a semi­
rigid tether with the addition of a plastic tube making the 
monofilament line stiff and fixing the orientation of the 
moth in a horizontal position. Test results did not detect 
any significant difference in performance between the two 
types of tethers, which suggested that black cutworms were 
comfortable with a horizontal orientation. But the semi­
rigid tether was preferred for its flexibility and light 
weight. 
A teflon mold was constructed to fabricate the tiny 
silicone discs attached to monofilament fishing lines. The 
silicone disc was 2.8 mm dia by 1.6 mm thick with a concave 
bottom surface for more intimate contact with the thorax of 
the moth. 
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CONCLUSIONS 
The following conclusions were drawn from Part I; 
Development of microcomputer-interfaced traps for field 
monitoring of insect flight behavior: 
1. The laboratory tests of the voltage and sound 
sensors on the electric grid trap resulted in 
counting errors of 8.44% for European corn borer 
(ECB) and 26.93% for black cutworm (BCW). 
2. The laboratory tests of the light sensor on the 
Texas cone trap gave counting errors of 43.84% and 
61.44% for ECB and BCW, respectively. 
3. The voltage sensor performed better than the sound 
and light sensors with counting errors of 4.37%, 
18.23%, 30.47%, and 52.64% for the voltage change, 
sound tripper, sound switch, and infrared sensor 
devices, respectively. 
4. The sound sensors did not count well in the field 
because of the presence of environmental noises 
resulting in unrealistically high counts. 
5. Field tests of the voltage change device on the grid 
trap resulted in counting errors of 96.0% for ECB 
and 2.8% for BCW. The light sensors on the cone 
trap gave counting errors of 94.9% for ECB and 42.4% 
for BCW. 
6. The counting accuracy of the voltage and light 
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sensors was adversely affected by the counting of 
non-target insects. The sensors could not 
distinguish between target and non-target insects 
present in the traps when counting ECB. 
The following conclusions were drawn from Part II: 
Development of microcomputer-interfaced flight mill system 
for the laboratory study of flight behavior of large insects 
such as the black cutworm; 
1. Light sensors emitting noncoherent infrared beam was 
successfully used for the flight mills' detection 
system. 
2. An arrangement using two bearings and two pivots 
effectively controlled the flight of large moths 
along a horizontal plane and with minimum friction. 
3. The 2-m circumference flight mill improved the 
flight performance of the laboratory-reared male 
black cutworm from 9.22 km at 2.13 km/h to 21.83 km 
at 3.46 km/h. 
4. No significant difference in flight performance was 
detected in attaching the laboratory-reared male 
black cutworm semi-rigidly and rigidly to the flight 
mill arm. 
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APPENDIX A: 
PROGRAM TEXT FOR LABORATORY TESTING OF 
ELECTRIC GRID TRAP 
ROCKWELL AIM 65 JMP INIT 
;EWTXC 
; INITIALIZATION 
*=$500 
;A.N.RESURRECCION INIT JSR CRLO 
;03/28/85 SED 
;S COUNTERS SE I 
5NEGATIVE-EDGE TRIG LDA #$80 
;WITH CLOCK STA PRFG ;PRNTR ON 
;N0 DELAY JSR CRLO 
9 JSR CRLO ; SPACES 
DRB=$A000 LDA #$FF 
DRA=$A001 STA DDRB ;PB OUTPT 
DDRB=$A002 LDA #1 
DDRA=$A003 STA DRB ;CLR BCD 
T1CL=$A004 STA INDX 
T1CH=$A005 LDA #5 
ACR=$A00B STA INDX+1 
PCR=$A00C LDA #0 
IFR=$AOOD STA DDRA ;PA INPUT 
IER=$AOOE STA PCR ;CA1 NEG 
INTR=$A404 STA DRB ;SET BCD 
0UPT=$E97A STA CNT 
READ=$E93C STA CNT+1 
NUMA=$EA46 STA TOTL 
CRL0=$EA13 STA TOTL+1 
PRFG=$A411 STA SECD 
PHXY=$EB9E STA SECD+1 
PLXY=$EBAC LDA #$41 
? STA ACR ;T1 FREE 
*=$00 LDA #$C0 
INDX *=*+2 STA 1ER ;T1 INTRPT 
HR *=*+1 LDA #<CLGCK 
+
 
*
 
II *
 
Z
 
z
; 
STA INTR 
CNT *=*+2 LDA #>CLOCK 
TEMP *=*+2 STA INTR+1 
SECD *=*+2 LDA DRA ;CLR IFR 
TOTL *=*+2 
5 
;SET UP F1 KEY 
*=$10C 
JPRINT TITLE 
LDX #0 
UP LDA TITL,X 
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JSR DUPT 
INX 
CPX 
BNE UP 
JSR CRLO 
JSR CRLO 
;PRINT TRAP ## 
LDX #0 
UPl LDA TRAP.X 
JSR OUPT 
INX 
CPX #12 
BNE UPl 
JSR CONV 
JSR NUMA 
JSR CRLO 
;PRINT DATE 
LDX #0 
UPS LDA DATE,X 
JSR OUPT 
INX 
CPX #12 
BNE UP2 
LDA #'/ 
STA TEMP 
JSR ENTR 
LDA TEMP 
JSR OUPT 
JSR CONV 
JSR NUMA 
JSR CRLO 
,-PRINT TIME 
LDX #0 
UP3 LDA TIME,X 
JSR OUPT 
INX 
CPX #12 
BNE UP3 
LDA #': 
STA TEMP 
JSR ENTR 
JSR CRLO 
JSR CRLO 
iPRINT HEADING 
LDX #0 
UP4 LDA HEAD,X 
JSR OUPT 
INX 
CPX #20 
BNE UP4 
JSR CRLO 
LDA #0 
STA PRFG ; PRINT OFF 
; DISPLAY TO GO 
LDX #0 
UP5 LDA TOGO,X 
JSR OUPT 
INX 
CPX #15 
BNE UP5 
JMP GO 
; ENTER SUBR 
ENTR JSR CONV 
STA HR 
JSR NUMA 
LDA TEMP 
JSR OUPT 
JSR CONV 
STA MIN 
JSR NUMA 
RTS 
5 
; CONVERT SUBR 
CONV JSR READ 
AND #$0F 
LDX #0 
CLC 
UP6 ROL A 
INX 
CPX #4 
BNE UP6 
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STA TEMP+1 
JSR READ 
AND #$0F 
CLC 
ADC TEMP+1 
RTS 
TITL .BYT ' ELECTRIC 
GRID TRAP' 
TRAP .BYT ' TRAP ## 
. ' 
DATE .BYT ' MO/DAY/Y 
R; ' 
TIME .BYT ' HOUR:MIN 
. ' 
HEAD .BYT '## TIME 
CNT CNTl' 
TOTAL .BYT ' TOT 
AL: 
TOGO .BYT 'PRESS (G) 
TO GO' 
? 
; PRESS (G) TO GO 
GO JSR READ 
CMP #'G 
BNE GO 
JSR CRLO 
5 
; START CLOCK 
CLI 
LDA #$50 
STA TICL 
LDA #$C3 
STA TICH ;0.05 SEC 
5 
;MAIN LOOP 
MAIN LDA IFR 
AND #2 
BEQ CHK 
JSR COUNT 
JSR RESET 
JSR INDEX 
JMP MAIN 
! CHECK TIME 
CHK LDA SECD 
CMP INDX+1 . 
BNE MAIN 
JSR DISP 
CLC 
LDA INDX+1 
ADC #5 
CMP #$60 
BNE DWN 
LDA #0 
DWN STA INDX+1 
JMP MAIN 
f 
; COUNT SUBR 
COUNT CLC 
LDA CNT 
ADC #1 
STA CNT 
LDA DRA 
STA CNT + 1 
CLC 
LDA TOTL 
ADC CNT 
STA TOTL 
CLC 
LDA TOTL+1 
ADC CNT + 1 
STA TOTL+1 
JSR DISP 
JSR DISPl 
RTS 
Î 
; RESET SUBR 
RESET LDA #1 
STA DRB . 
LDA #0 
STA CNT 
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STA CNT+1 
STA DRB 
RTS 
5 
; INDEX SUBR 
INDEX CLC 
LDA INDX 
ADC #1 
CMP #$26 
BEQ NEW 
STA INDX 
JMP DWNl 
NEW JSR DISPS 
LDA #0 
STA TOTL 
STA TOTL+1 
LDA #1 
STA INDX 
DWNl RTS 
5 
;DISP SUBR 
DISP JSR CRLO 
LDA INDX 
JSR NUMA 
LDA #' 
JSR OUPT 
LDA HR 
JSR NUMA 
LDA #': 
JSR OUPT 
LDA MIN 
JSR NUMA 
LDA #': 
JSR OUPT 
LDA SECD 
JSR NUMA 
RTS 
5 
;DISP1 SUBR 
DISPl LDA #' 
JSR OUPT 
JSR OUPT 
LDA CNT 
JSR NUMA 
LDA #' 
JSR OUPT 
JSR OUPT 
LDA CNT+1 
JSR NUMA 
LDA #$80 
STA PRFG 
JSR CRLO 
LDA #0 
STA PRFG 
RTS 
îDISPS SUBR 
DISPS LDX #0 
UP7 LDA TOTAL, 
JSR OUPT 
INX 
CPX #14 
BNE UP7 
LDA TOTL 
JSR NUMA 
LDA #' 
JSR OUPT 
JSR OUPT 
LDA TOTL+1 
JSR NUMA 
LDA #$80 
STA PRFG 
JSR CRLO 
JSR CRLO 
LDA #0 
STA PRFG 
RTS 
5 
;CLOCK SUBR 
CLCK PHA 
JSR PHXY 
CLC 
LDA SECD+1 
ADC #1 
STA SECD+1 
CMP #$20 
BNE DWN2 
LDA #0 
STA SECD+1 
CLC 
LDA SECD 
ADC #1 
STA SECD 
CMP #$60 
BNE DWN2 
LDA #0 
STA SECD 
CLC 
LDA MIN 
ADC #1 
STA MIN 
CMP #$60 
BNE DWN2 
LDA #0 
STA MIN 
CLC 
LDA HR 
ADC #1 
STA HR 
CMP #$24 
BNE DWN2 
LDA #0 
STA HR 
DWN2 LDA TICL 
JSR PLXY 
PLA 
RTI 
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APPENDIX B; 
PROGRAM TEXT FOR LABORATORY TESTING OF 
TEXAS PHEROMONE CONE TRAP 
ROCKWELL AIM 65 
;EWTXG 
; A.N.RESURRECCION 
;02/04/86 
; IMMEDIATE START 
; NON-STOP PROGRAM 
IVARIALE DELAY 
;CCNTR AND ECNTR 
;FOR TEXAS PHEROMONE 
CONE TRAP 
5 
DRB=$AOOO 
DRA=$A001 
DDRB=$A002 
DDRA=$A003 
T1CL=$A004 
T1CH=$A005 
ACR=$AOOB 
PCR=$AOOC 
IFR=$AOOD 
IER=$AOOE 
INTR=$A404 
0UPT=$E97A 
READ=$E93C 
NUMA=$EA46 
CRL0=$EA13 
PRFG=$A411 
BLNK=$E83E 
BLNK1=$E83B 
DEBK1=$ED2C 
PHXY=$EB9E 
PLXY=$EBAC 
9 
*=$00 
HR *=*+1 
MIN *=*+1 
SECD *=*+2 
CCNT *=*+1 
ECNT *=*+1 
TEM *=*+1 
DLAY *=*+1 
REF *=*+1 
5 
;SET UP F1 KEY 
*=$10C 
JMP INIT 
5 
; INITIALIZATION 
*=$200 
INIT JSR CRLO 
SED 
SE I 
LDA #$80 
STA PRFG ;PRNTR ON 
JSR CRLO 
JSR CRLO ; SPACES 
LDA #$FF 
STA DDRB ;PB OUTPT 
LDA #$41 
STA ACR ;TI FREERUN 
LDA #$C0 
STA 1ER ;T1 INTR 
LDA #<TIMR 
STA INTR 
LDA #>TIMR 
STA INTR+1 
LDA #0 
STA DDRA ;PA INPUT 
STA PCR ;CA1 NEG 
STA SECD 
STA SECD+1 
STA CCNT 
STA ECNT 
STA REF 
; PRINT TITLE 
LDX #0 
UP LDA TITL,X 
JSR OUPT 
I NX 
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CPX #19 
BNE UP 
JSR CRLO 
JSR CRLO 
; PRINT TRAP ## 
LDX #0 
UPl LDA TRAP,X 
JSR OUPT 
INX 
CPX #11 
BNE UPl 
JSR CONV 
JSR NUMA 
JSR CRLO 
5PRINT DATE 
LDX #0 
UP2 LDA DATE,X 
JSR OUPT 
INX 
CPX #11 
BNE UPS 
JSR CONV 
JSR NUMA 
LDA #'/ 
JSR OUPT 
JSR CONV 
JSR NUMA 
LDA #'/ 
JSR OUPT 
JSR CONV 
JSR NUMA 
JSR CRLO 
;PRINT TIME 
LDX #0 
UP3 LDA TIME,X 
JSR OUPT 
INX 
CPX #11 
BNE UP3 
JSR CONV 
STA HR 
JSR NUMA 
LDA #'; 
JSR OUPT 
JSR CONV 
STA MIN 
JSR NUMA 
JSR CRLO 
;PRINT DELAY 
LDX #0 
UP4 LDA DELAY,X 
JSR OUPT 
INX 
CPX #11 
BNE UP4 
JSR CONV 
STA DLAY 
JSR NUMA 
JSR CRLO 
JSR CRLO. 
; PRINT HEADING 
LDX #0 
UP5 LDA HEAD,X 
JSR OUPT 
INX 
CPX #20 
BNE UP5 
JSR CRLO 
; DISPLAY TOGO 
LDX #0 
UP6 LDA TOGO,X 
JSR OUPT 
INX 
CPX #20 
BNE UP6 
JMP GO 
{CONVERT SUBR 
CONV JSR READ 
AND #$0F 
LDX #0 
CLC 
UP7 ROL A 
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INX 
CPX #4 
BNE UP7 
STA TEMP 
JSR READ 
AND #$0F 
CLC 
ADC TEMP 
RTS 
5 
TITL .BYT ' TP CO 
NE TRAP 
TRAP .BYT 'TRAP ## 
. > 
DATE .BYT 'MO/DAY/YR 
! ' 
TIME .BYT 'HOURzMIN 
DELAY .BYT 'DELAY ## 
HEAD .BYT ' HH:MM:SS 
CCNT ECNT' 
TOGO .BYT 'PUSH SPAC 
E BAR TO GO' 
TOT BYT 'TOTAL:' 
5 
GO JSR READ 
CMP #' 
BNE GO 
CLI 
; START CLOCK 
LDA #$50 
STA TICL 
LDA #$C3 
STA TICH ;0.05 SEC 
LDA #1 
STA DRB {RESET CNTR 
LDA DRA ;CLR CAl FG 
LDA #0 
STA DRB ;SET CNTR 
STA PRFG 
MAIN LDA IFR 
AND #2 
BEQ MAIN ;N0 INSECT 
; RESET CAl FLAG 
UP11 LDA DRA 
; DELAY 
LDY DLAY 
UP9 LDX #$64 
UPlO JSR DEBKl 
LDA IFR 
AND #2 
BNE UPl1 ; INSECT 
DEX 
BNE UP10 
DEY 
BNE UP9 
;INCRMNT/READ CNTRS 
CLC 
LDA CCNT 
ADC #1 
STA CCNT 
LDA DRA 
STA ECNT 
JMP MAIN; 
; RESET CNTRS 
RESET LDA #1 
STA DRB 
LDA #0 
STA CCNT 
STA ECNT 
STA REF 
STA DRB 
RTS 
5 
PRNT LDA #$80 
STA PRFG 
JSR CRLO 
LDA #0 
STA PRFG 
RTS 
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DISP JSR CRLO 
JSR BLNK 
LDA HR 
JSR NUMA 
LDA #': 
JSR OUPT 
LDA MIN 
JSR NUMA 
LDA #': 
JSR OUPT 
LDA SECD 
JSR NUMA 
JSR BLNKl 
LDA CCNT 
JSR NUMA 
JSR BLNKl 
JSR BLNK 
LDA ECNT 
JSR NUMA 
RTS 
DISPS JSR CRLO 
JSR BLNK 
LDA HR 
JSR NUMA 
LDA #': 
JSR OUPT 
LDA MIN 
JSR NUMA 
JSR BLNK 
LDX #0 
UPS LDA TOT,X 
JSR OUPT 
INX 
CPX #6 
BNE UPS 
LDA CCNT 
JSR NUMA 
JSR BLNK JSR BLNKl 
LDA ECNT 
JSR NUMA 
RTS 
TIMR PHA 
JSR PHXY 
CLC 
LDA #1 
ADC SECD+1 
STA SECD+1 
CMP #$20 
BNE DWN3 
LDA #0 
STA SECD+1 
CLC 
LDA #1 
ADC SECD 
STA SECD 
CMP #$60 
BNE DWN2 
LDA #0 
STA SECD 
CLC 
LDA #1 
ADC MIN 
STA MIN 
CMP #$60 
BNE DWN2 
LDA #0 
STA MIN 
CLC 
LDA #1 
ADC HR 
STA HR 
CMP #$24 
BNE DWNl 
LDA #0 
STA HR 
DWNl JSR DISP2 
JSR PRNT 
JSR PRNT 
JSR RESET 
JMP DWN3 
DWN2 JSR DISP 
LDA CCNT 
CMP REF 
BEQ DWN3 
STA REF 
JSR PRNT 
DWN3 LDA TICL 
JSR PLXY 
PLA 
RTI 
END 
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APPENDIX C: 
PROGRAM TEXT FOR FIELD TESTING OF 
ELECTRIC GRID TRAP 
ROCKWELL AIM 65 
îEWTXH 
; A.N.RESURRECCION 
;06/24/85 
;FIXED START/STOP 
;EXT COUNTER 
5 
DRB=$AOOO 
DRA=$A001 
DDRB=$A002 
DDRA=$A003 
T1CL=$A004 
T1CH=$A005 
ACR=$AOOB 
PCR=$AOOC 
IFR=$AOOD 
IER=$AOOE 
INTR=$A404 
0UPT=$E97A 
READ=$E93C 
NUMA=$EA46 
CRL0=$EA13 
PRFG=$A411 
PHXY=$EB9E 
PLXY=$EBAC 
BLNK=$E83E 
BLNK1=$E83B 
M0NITR=$E1A1 
5 
*=$00 
XX *=*+1 ; INDEX NO 
HR *=*+1 
MIN *=*+1 
CNT *=*+1 
TEM *=*+4 
INDX *=*+3 
SECD *=*+2 
9 
;SET UP F1 KEY 
*=$10C 
JMP INIT 
5 
; INITIALIZATION 
*=$200 
INIT JSR CRLO 
SED 
SE I 
LDA #$80 
STA PRFG ;PRNTR ON 
JSR CRLO 
JSR CRLO ; SPACES 
LDA #$FF 
STA DDRB ;PB OUTPT 
LDA #$41 
STA ACR 
LDA #$C0 
STA 1ER 
LDA #<TIMR 
STA INTR 
LDA #>TIMR 
STA INTR+1 
LDA #0 
STA DDRA ;PA INPUT 
STA PCR ;CA1 NEG 
STA CNT 
STA SECD 
STA SECD+1 
JPRINT TITLE 
LDX #0 
UP LDA TITL,X 
JSR OUPT 
INX 
CPX #19 
BNE UP 
JSR CRLO 
JSR CRLO 
{PRINT TRAP ## 
LDX #0 
UPl LDA TRAP,X 
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JSR OUPT 
INX 
CPX #11 
BNE UPl 
JSR CONV 
JSR NUMA • 
JSR CRLO 
iPRINT DATE 
LDX #0 
UP2 LDA DATE,X 
JSR OUPT 
INX 
CPX #11 
BNE UP2 
JSR CONV 
JSR NUMA 
LDA #'/ 
JSR OUPT 
JSR CONV 
JSR NUMA 
LDA #V 
JSR OUPT 
JSR CONV 
JSR NUMA 
JSR CRLO 
{PRINT TIME 
LDX #0 
UP3 LDA TIME,X 
JSR OUPT 
INX 
CPX #11 
BNE UP3 
JSR CONV 
STA HR 
JSR NUMA 
LDA #': 
JSR OUPT 
JSR CONV 
STA MIN 
JSR NUMA 
JSR CRLO 
JSR CRLO 
{PRINT HEADING 
LDX #0 
UP4 LDA HEAD,X 
JSR OUPT 
INX 
CPX #20 
BNE UP4 
JSR CRLO 
{DISPLAY TO GO 
LDX #0 
UP5 LDA TOGOjX 
JSR OUPT 
INX 
CPX #20 
BNE UP5 
JMP GO 
9 
{CONVERT SUBR 
CONV JSR READ 
AND #$0F 
LDX #0 
CLC 
UP6 ROL A 
INX 
CPX #4 
BNE UP6 
STA TEM 
JSR READ 
AND #$0F 
CLC 
ADC TEM 
RTS 
TITL .BYT ' ELECTRIC 
GRID TRAP' 
TRAP .BYT 'TRAP ## 
; ' 
DATE .BYT 'MO/DAY/YR 
. ' 
TIME .BYT 'HOUR-.MIN 
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HEAD .BYT ' ## HH:M 
M:SS COUNT'  
TOGO .BYT 'PUSH SPAC 
E BAR TO GO' 
9 
GO JSR READ 
CMP #' 
BNE GO 
; START CLOCK 
CLI 
LDA #$40 
STA TICL 
LDA #$C3 
STA TICH ;0.05 SEC 
LDA #0 
STA INDX+2 
STA XX 
STA PRFG 
;CHK START TIME 
WAIT LDA HR 
CMP #$20 
BNE LO 
LDA #1 
STA DRB 
STA XX 
LDA DRA 
LDA #0 
STA DRB 
LDA INDX 
JMP ADJ 
LO LDA SECD 
CMP INDX+2 
BNE WAIT 
JSR DISP 
CLC 
LDA INDX+2 
ADC #1 
CMP #$60 
BNE LOW 
LDA #0 
LOW STA INDX+2 
JMP WAIT 
i 
MAIN LDA IFR 
AND #2 
BEQ UPDATE 
; COUNT 
LDA DRA 
STA CNT 
JSR DISP 
JSR DISPl 
JSR CLR 
CLC 
LDA XX 
ADC #1 
STA XX 
UPDATE LDA SECD 
CMP INDX+2 
BNE MAIN 
JSR DISP 
CLC 
LDA INDX+2 
ADC #1 
CMP #$60 
BNE DWN 
LDA #0 
DWN STA INDX+2 
;PRNT INTVL 
LDA HR 
CMP INDX 
BNE HALT 
JSR DISP2 
JSR CLRl 
; ADJUST INDXS 
ADJ CLC 
LDA INDX 
ADC #1 
CMP #$24 
BCC DWN6 
LDA #0 
DWN6 STA INDX 
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;CHK STOP TIME 
HALT LDA HR 
CMP #5 
BNE MAIN 
LDA #0 
STA XX 
JMP WAIT 
CLR LDA #$80 
STA PRFG 
JSR CRLO 
LDA #0 
STA PRFG 
RTS 
CLRl LDA #$80 
STA PRFG 
JSR CRLO 
JSR CRLO 
LDA #1 
STA DRB 
LDA #0 
STA CNT 
STA DRB 
STA PRFG 
LDA #1 
STA XX 
RTS 
9 
DISP JSR CRLO 
JSR BLNK 
LDA XX 
JSR NUMA 
JSR BLNKl 
LDA HR 
JSR NUMA 
LDA #' ; 
JSR OUPT 
LDA MIN 
JSR NUMA 
LDA #'; 
JSR OUPT 
LDA SECD 
JSR NUMA 
RTS 
DISPl JSR BLNKl 
LDA CNT 
JSR NUMA 
RTS 
DISPS JSR CRLO 
JSR BLNK 
JSR BLNKl 
JSR BLNKl 
LDA HR 
JSR NUMA 
LDA #': 
JSR OUPT 
LDA MIN 
JSR NUMA 
JSR BLNK 
JSR BLNKl 
JSR BLNKl 
LDA CNT 
JSR NUMA 
RTS 
5 
;TIMER SUBR 
TIMR PHA 
JSR PHXY 
CLC 
LDA SECD+1 
ADC #1 
STA SECD+1 
CMP #$20 
BNE DWN8 
LDA #0 
STA SECD+1 
CLC 
LDA SECD 
ADC #1 
STA SECD 
CMP #$60 
BNE DWN8 
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LDA #0 
STA SECD 
CLC 
LDA MIN 
ADC #1 
STA MIN 
CMP #$60 
BNE DWN8 
LDA #0 
STA MIN 
CLC 
LDA HR 
ADC #1 
STA HR 
CMP #$24 
BNE DWN8 
LDA #0 
STA HR 
DWN8 LDA TICL 
JSR PLXY 
PLA 
RTI 
END 
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APPENDIX D; 
PROGRAM TEXT FOR THE FLIGHT MILL 
ROCKWELL AIM 65 
;MILTA 
9 
DRB=$AOOO 
DRA=$A001 
DDRB=$A002 
DDRA=$A003 
T1CL=$A004 
T1CH=$A005 
ACR=$AOOB 
PCR=$AOOC 
IFR=$AOOD 
IER=$AOOE 
INTR=$A404 
0UT=$E97A 
READ=$E93C 
NUM=$EA46 
CR=$EA13 
PF=$A411 
SP=$E83E 
SP1=$E83B 
QT=$E1A1 
*=$00 
INDX *=*+1 
CNTL *=*+£ 
CNT2 *=*+3 
CNT3 *=*+3 
TIML *=*+2 
TIM2 *=*+2 
TIM3 *=*+2 
TIM4 *=*+2 
SECD *=*+2 
TEM *=*+1 
*=$10C 
JMP INIT 
*=$10F 
JMP TOT 
*=$200 
INIT JSR CR 
BED 
SE I 
LDA #$80 
STA PF 
JSR CR 
JSR CR 
LDA #$FF 
STA DDRB 
LDA #$40 
STA ACR 
LDA #$C0 
STA 1ER 
LDA #<TIMR 
STA INTR 
LDA #>TIMR 
STA INTR+1 
LDA #0 
STA DDRA 
LDX #0 
RPT STA CNT1,X 
INX 
CPX #13 
BNE RPT 
LDX #0 
UP LDA TITL,X 
JSR OUT 
INX 
CPX #15 
BNE UP 
JSR CR 
JSR CR 
LDX #0 
UPl LDA MILL,X 
JSR OUT 
INX 
CPX #8 
BNE UPl 
JSR CONV 
JSR NUM 
JSR CR 
LDX #0 
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UPS LDA DATE,X 
JSR OUT 
INX 
CPX #8 
BNE UPS 
JSR CONV 
JSR NUM 
LDA #'/ 
JSR OUT 
JSR CONV 
JSR NUM 
JSR CR 
LDX #0 
UP3 LDA TIME,X 
JSR OUT 
INX 
CPX #8 
BNE UP3 
JSR CONV 
JSR NUM 
LDA #'; 
JSR OUT 
JSR CONV 
JSR NUM 
JSR CR 
JSR CR 
LDX #0 
UP5 LDA HEAD,X 
JSR OUT 
INX 
CPX #20 
BNE UP5 
JSR CR 
JMP GO 
CONV JSR READ 
AND #$0F 
LDX #0 
CLC 
UP7 ROL A 
INX 
CPX #4 
BNE UP7 
STA TEM 
JSR READ 
AND #$0F 
CLC 
ADC TEM 
RTS 
TITL .BYT 
T MILL' 
MILL .BYT 
FLIGH 
'MILL 
'DATE 
'TIME 
'## FLYT 
DATE .BYT 
TIME .BYT 
HEAD .BYT 
REST FLIGHT' 
TOTL .BYT 'TOT:' 
GO CLI 
LDA #$40 
STA 
LDA 
STA 
JSR 
LDA 
STA 
TAX 
TAY 
LDA 
STA 
JSR 
MAIN 
CMP 
BCC 
JSR 
JSR 
JSR 
JSR 
CPX 
BNE 
JSR 
JMP 
FLYl 
LDA 
TICL 
#$C3 
TICH 
CLR 
#0 
PF 
# 1  
INDX 
DSPl 
LDA DRA 
#2 
MAIN 
FLYl 
FLY2 
FLY3 
CLR 
#0 
MAIN 
DSPl 
MAIN 
CLC 
# 1  
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ADC CNTl+1 
STA CNTl+1 
BCC LOI 
CLC 
LDA #1 
ADC CNTl 
STA CNTl 
LOI RTS 
FLY2 CLC 
LDA #1 
ADC CNT2+2 
STA CNT2+2 
BCC L02 
CLC 
LDA #1 
ADC CNT2+1 
STA CNT2+1 
BCC L02 
CLC 
LDA #1 
ADC CNT2 
STA CNT2 
LOS RTS 
FLY3 CLC 
LDA #1 
ADC CNT3+2 
STA CNT3+2 
BCC L03 
CLC 
LDA #1 
ADC CNT3+1 
STA CNT3+1 
BCC L03 
CLC 
LDA #1 
ADC CNT3 
STA CCNT3 
L03 RTS 
CLR LDA #1 
STA DRB 
LDA #0 
STA DRB 
RTS 
DSPl JSR CR 
LDA INDX 
JSR NUM 
JSR SPl 
LDA TIMl 
JSR NUM 
LDA TIMl+1 
JSR NUM 
JSR SPl 
JSR SPl 
JSR SPl 
LDA CNT2 
JSR NUM 
LDA CNTS+1 
JSR NUM 
LDA CNT2+E 
JSR NUM 
RTS 
PRNT LDA #$80 
STA PF 
JSR CR 
LDA #0 
STA PF 
RTS 
FTl CLC 
LDA #1 
ADC TIMl+1 
STA TIMl+1 
BCC L04 
CLC 
LDA #1 
ADC TIMl 
STA TIMl 
L04 RTS 
FT2 CLC 
LDA #1 
ADC TIME+1 
STA TIM2+1 
BCC LOS 
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CLC DSP2 JSR CR 
LDA #1 JSR SPl 
ADC TIM2 JSR SPl 
STA TIM2 JSR SPl 
L05 RTS JSR SPl 
RTl CLC JSR SP 
LDA #1 LDA TIM3 
ADC TIM3+1 JSR NUM 
STA TIM3+1 JSR NUM 
BCC L06 LDA TIM3+1 
CLC JSR NUM 
LDA #1 RTS 
ADC TIM3 TIMR PHA 
STA TIM3 CLC 
L06 RTS LDA #1 
LDA TIM3+1 ADC SEC.D+1 
ADC TIM4+1 STA SECD+1 
STA TIM4+1 CMP #$12 
BCC L07 BNE L020 
CLC LDA #0 
LDA TIM3 STA SECD+1 
ADC TIM4 CLC 
STA TIM4 LDA #1 
L07 RTS ADC SECD 
CLRl LDA #0 STA SECD 
STA CNTl CMP #$60 
STA CNTl+1 BNE LQ20 
RTS LDA #0 
CLRS LDA #0 CMP CNTl 
STA CNT2 BNE LOlO 
STA CNT2+1 LDA #2 
STA CNT2+2 CMP CNTl+1 
RTS BCS L012 
CLR3 LDA #0 LOlO CPX #0 
STA TIMl BNE L014 
STA TIMl+1 BACK JSR FTl 
RTS JSR FT2 
CLR4 LDA #0 JSR DSPl 
STA TIM3 JSR CLRl 
STA TIM3+1 JMP L020 
RTS L012 CPY #0 
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BNE LOIS 
LDA #1 
TAX 
TAY 
JSR PRNT 
JSR CLR2 
JSR CLR3 
LOI3 JSR CLRL 
JSR DSP2 
LDA TIM3 
CMP #3 
BNE L020 
TOT JSR PRNT 
JSR DSP3 
JSR PRNT 
JSR QT 
L014 LDA #0 
TAX 
TAY 
JSR PRNT 
JSR RT2 
JSR CLR4 
CLC 
LDA #1 
ADC INDX 
STA INDX-
JMP BACK 
L020 LDA TICL 
PLA 
ATI 
DSP3 JSR CR 
LDX #0 
UP9 LDA TOTL,X 
JSR OUT 
INX 
CPX UP9 
LDA TIM2 
JSR NUM 
LDA TIM2+'L 
JSR NUM 
JSR SP 
LDA TIM4 
JSR NUM 
LDA TIM4+1 
JSR NUM 
JSR SP 
LDA CNT3 
JSR NUM 
LDA CNT3+1 
JSR NUM 
LDA CNT3+2 
JSR NUM 
RTS 
END 
